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Summary 
 
This dissertation reports the synthesis, reactivity and catalytic studies of transition 
metal complexes (mainly Ni, Pd and Au) bearing benzimidazolin-2-ylidene and 
indazolin-3-ylidene ligands. The findings of the research are presented in five chapters. 
Chapter 2 describes the synthesis of mono- and dipalladium complexes of 
benzimidazolin-2-ylidene ligands. The reaction of Pd(OAc)2 with 1,3-
dibenzylbenzimidazolium bromide (A) and 1-propyl-3-methylbenzimidazolium iodide 
(B) afforded the dihalo-bis(carbene) complexes cis-[PdBr2(Bz2-bimy)2] (1a) and cis-
[PdI2(Pr,Me-bimy)2] (1b), respectively. Halide substitution of 1a and 1b with AgO2CCH3 
gave the mixed diacetato-bis(carbene) complexes cis-[Pd(O2CCH3)2(Bz2-bimy)2] (2a) 
and cis-[Pd(O2CCH3)2(Pr,Me-bimy)2] (2b) in good yields. The reactivity of these 
complexes (2a and 2b) toward aliphatic thiols has been investigated. In situ 
deprotonation of isopropylthiol (iPr-SH) by the basic acetato ligands of 2a and 2b yielded 
the novel dipalladium complexes [Pd2(μ-iPr-S)2(Bz2-bimy)4](BF4)2 (3a) and [Pd2(μ-iPr-
S)2(Pr,Me-bimy)4](BF4)2 (3b) with a [Pd2S2] core solely supported by N-heterocyclic 
carbenes. 
Chapter 3 deals with a series of Ni(II) NHC complexes bearing non-halo anionic 
co-ligands. Salt metathesis reaction of the dihalo-bis(carbene) complex trans-[NiBr2(iPr2-
bimy)2] (C, 1,3-diisopropylbenzimidazolin-3-ylidene) with NaN3 yielded the diazido-
bis(carbene) complex trans-[Ni(N3)2(iPr2-bimy)2] (4), which has been used as a template 
for the cycloaddition reactions of organic isocyanides. Depending on the reaction 
conditions and the type of isocyanides used for cycloaddition reactions, a mixed 
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 VI
tetrazolato-carbodiimido complex trans-[Ni(CN4-Xyl)(NCNXyl)(iPr2-bimy)2] (5), a 
dicarbodiimido complex trans-[Ni(NCN-Xyl)2(iPr2-bimy)2] (6), and ditetrazolato 
complexes trans-[Ni(CN4-R)2(iPr2-bimy)2] (7, R = tert-butyl; 8, R = cyclohexyl) were 
obtained in good yields. The novel cationic “abnormal” tetrazolin-5-ylidene complex 
trans-[Ni(CN4-tBu,Me)2(NHC)2](BF4)2 (7) was also synthesized by direct methylation of 
7 with [Me3O]BF4. In addition, mixed diisothiocyanato-bis(carbene) nickel(II) complexes 
[Ni(NCS)2(R,R’-bimy)2] (10a, R = R’ = isopropyl; 10b, R = R’ =  isobutyl; 10c, R = R’ = 
benzyl; 10d, R = R’ = 2-propenyl; 10e, R = propyl, R’ = methyl) were synthesized by the 
metathetical reaction of AgSCN with the corresponding dihalo-bis(carbene) Ni(II) 
complexes trans-[NiX2(R,R’-bimy)2] (C-G). A preliminary catalytic study showed that 
complexes 10a-e are active precatalysts in the Kumada-Corriu coupling reaction with the 
best performance observed for 10d. Besides that, the reaction of methylene-bridged 
diazolium salt [MeCCmethH2]Br2 (11a) with Ni(OAc)2 yielded a dicationic bis(chelate) 
complex [Ni(MeCCmeth)2]Br2 (12a), whereas a neutral monochelate complex 
[NiBr2(MeCCprop)] (12c) was obtained by the reaction of a more flexible propylene-
bridged carbene precursor [MeCCpropH2]Br2 (11c) with Ni(OAc)2. The catalytic activity of 
12c was tested in the Kumada–Corriu coupling reactions. Complex 12c performs better 
than the isothiocyanato complexes (10a-e) as well as tetracarbene complex 12a. 
Chapter 4 describes the synthesis and photophysical properties of Au(I) and Au(III) 
complexes. The reaction of [AuCl(SMe2)] with in situ generated [AgCl(iPr2-bimy)], 
which in turn was obtained by the reaction of Ag2O with 1,3-diisopropylbenzimidazolium 
bromide (iPr2-bimyH+Br, H), afforded the Au(I) complex [AuCl(iPr2-bimy)] (13). 
Subsequent reaction of 13 and iPr2-bimyH+BF4 (I) in the presence of K2CO3 yielded the 
Summary 
 VII
bis(carbene) complex [Au(iPr2-bimy)2]BF4 (14). The oxidative addition of elemental 
iodine to 14 gave Au(III) complex trans-[AuI2(iPr2-bimy)2]BF4 (15), which shows 
absorption and photoluminescence properties owing to a LMCT. 
In Chapter 5, the synthesis and properties of the first Pd(II), Au(I) and Rh(I) 
complexes with indazolin-3-ylidene ligands are described. Reaction of 1,2-
dimethylindazolium iodide (16a, Me2-indyH+I) and 1,2-diethylindazolium iodide (16b, 
Et2-indyH+I) with Pd(OAc)2 afforded dimeric Pd(II) complexes [PdI2(R2-indy)]2 
(17a/b). The latter readily undergo cleavage reactions with PPh3 to yield mixed 
carbene/co-ligand complexes [PdI2(PPh3)(R2-indy)] (18a/b) in good yields. Halide 
substitution of 18a/b with AgO2CCF3 gave the corresponding trifluoroacetato complexes 
[Pd(O2CCF3)2(PPh3)(R2-indy)] (19a/b). In addition, transmetalation reactions of 
[PdBr2(CH3CN)2], [AuCl(SMe2)] and [RhCl(cod)] with in situ generated Ag-carbene 
complexes, afforded [PdBr2(Et2-indy)]2 (20), [AuCl(Et2-indy)] (21) and [RhCl(cod)(Me2-
indy)] (22), respectively. Furthermore, the studies on -donor properties of the new 
indazolin-3-ylidene ligands were also carried out. 
Chapter 6 deals with the synthesis of Pd(II) and Au(I) complexes bearing fused 
indazolin-3-ylidene ligands. The reaction of Ag2O with fused indazolium salts C3-
IndyH+Br- (28a), C4-IndyH+Br- (28b) and C5-IndyH+Br- (28c) yielded the corresponding 
Ag-carbene complexes in situ, which were subsequently added to [PdBr2(CH3CN)2] and 
[AuCl(SMe)2] to afford the corresponding [PdBr2(Cn-indy)]2 (29a-c) and [AuCl(Cn-
indy)] (31a-c) complexes. The metathetical reaction of Au(I) 31a-c with LiBr afforded 
[AuBr(Cn-indy)] (32a-c), to which bromine was oxidatively added to obtain the 
respective Au(III) complexes [AuBr3(Cn-indy)] (33a-c).
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1a: R = R' = CH2Ph, X = Br










2a: R = R' = CH2Ph 





















3a: R = R' = CH2Ph 





























































7: R = tert-butyl 































10a: R = R' = iPr
10b: R = R' = iBu














10d: R = R' = propenyl

























































16a  R = Me, X = I
16b  R = Et, X = I
16c  R = Et, X = Br 17a  R = Me






18a  R = Me














19a  R = Me



































































28a  n = 1
28b  n = 2











29a  n = 1
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33a  n = 1
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Chapter 1. Introduction 
1.1 Definition of carbenes 
 
According to IUPAC, a carbene is a neutral compound containing a divalent carbon 
atom with six valence electrons. A carbene is thus an organic molecule with the general 
formula RRC:, in which the carbene carbon atom has two nonbonding electrons and is 




Figure 1.1. Frontier orbitals and possible electronic configurations for carbene carbon 
bearing same substituents in sp and sp2-hybridization.1a  
 
The geometry around the carbene carbon can be either linear or bent, depending on 
the degree of hybridization. The linear geometry is based on a sp-hybridized carbon atom 




Figure 1.1. The degeneracy of the p orbitals is lost when the carbene carbon adopts sp2-
hybridization, which is bent in structure. Among the two p orbitals of the carbene carbon 
atom, the py orbital remains largely unaffected upon transition from sp to sp2 and it is 
normally denoted as p, whereas the px orbital is stabilized as it acquires some s 
character, therefore it is described as . The linear geometry is an extreme case and rarely 
observed. Most carbenes have a bent structure and their frontier orbitals are represented 
as  and p. As shown in Figure 1.2 four different electronic configurations can be 
envisaged for the sp2 hybridized carbene carbon. The two nonbonding electrons can be 
filled in two different orbitals with parallel spin (1p1) resulting in a triplet ground state 
(3B1 state). Alternatively, they can be filled as an electron pair into either a  or a p 
orbital with antiparallel spins, which leads to two different singlet ground states (1A1 
state). The 2p0 is generally more stable than 0p2 configuration. Finally, an excited 
singlet state with an antiparallel arrangement of electrons in  and p orbitals (1p1) is 
also conceivable (1B1 state).1  
 
 
Figure 1.2. Electronic configurations of a sp2-hybridized carbene carbon. 
 
The fundamental feature of carbenes largely depends on their ground state spin 









feature a filled  orbital and a vacant p orbital exhibiting an ambiphilic behavior. Triplet 
carbenes, on the other hand, have two singly occupied orbitals, and can therefore be 
regarded as diradicals. The stability of carbenes depends on the singlet-triplet (-p) 
energy gap. In other words, the carbene ground state multiplicity is determined by the 
relative energies of the  and p orbitals. The singlet ground state (1A1) is observed if the 
energy gap between  and p orbitals is of at least 2 eV. An energy difference of 1.5 eV 
between the two energy levels favors the triplet ground state (3B1).3 The relative energies 
of the  and p orbitals can also be influenced by the steric and electronic effects of the 
substituents on the carbene carbon atom. For instance, electron-withdrawing substituents 
inductively stabilize the  orbital by enriching its s character and leave the p orbital 
essentially unchanged, thereby increasing the energy gap between the  and p orbitals. 
Thus the singlet state is favored. On the other hand, electron donating groups decreases 
the energy gap between  and p orbitals, which stabilizes the triplet state. Besides 
inductive effects, mesomeric effects of the substituents on the carbene carbon also play a 
crucial role. If the carbene carbon is attached to -electron withdrawing groups such as 
COR, CN, CF3, BR2 or SiR3, it adopts a linear or quasi-linear geometry. On the other 
hand, substituents on the carbene, which are -electron donor atoms, namely N, O, P, S 
and halogens, increase the energy of the p orbital of the carbene carbon atom. Since the 
 orbital remains unchanged, the -p gap is increased and hence the singlet state is 
favored.  
The first example of a metal carbene complex (Figure 1.3, A) was reported by 
Fischer in 1964 and is known as Fischer carbene complex.4 In this type, the substituents 




state bearing -acceptor ligands such as CO. The Fischer carbene is in singlet spin state. 
Another example reported by Schrock in 1974 is referred to as Schrock carbene complex 
(Figure 1.3, B), in which subtituents on the carbene are not -donors.5 The carbene 
carbon is bonded to a high oxidation state metal center bearing ligands, which are 
essentially non--acceptors. Schrock carbenes are in triplet state. The metal-carbene 








tBuA B  
Figure 1.3. Examples of Fischer (A) and Schrock (B) carbene complexes. 
 
Another major type of carbene is known as N-heterocyclic carbenes (NHCs), in 
which the carbene carbon is incorporated into a heterocyclic ring. NHCs and their 
transition metal complexes are the topic of interest in this dissertation and will be 
discussed in more detail in the following paragraphs. 
Different ways of nomenclature and representation of free carbenes and their metal 
complexes have been noted in the current literature. In this dissertation, the nomenclature 














Imidazolidin-2-ylidene Imidazolin-2-ylidene Benzimidazolin-2-ylidene 





1.2 Synthesis, electronic structures and applications of N-heterocyclic 
carbenes  
 
Discussion on N-heterocyclic carbenes was initiated by Wanzlick in 1960, when he 
reported the -elimination of chloroform from the corresponding imidazole adduct.6 
However, the proposed imidazolidin-2-ylidene could not be obtained as it dimerized to 
the corresponding enetetraamine. In addition, attempts to isolate the free carbene derived 
from 1,3-disubstituted imidazolium salts were also unsuccessful, although the formation 
of free carbenes was supported by trapping them as transition metal complexes.7 The first 
example of a stable free N-heterocyclic carbene reported by Arduengo et al in 1991 was 
obtained by deprotonation of the corresponding imidazolium salt using sodium hydride as 












Scheme 1.1. Arduengo’s synthesis of the first stable NHC. 
 
It was initially believed that the stability of the carbene isolated by Arduengo and 
co-workers is due to the steric hindrance exerted by two bulky adamantyl substituents, 
which would prevent the carbene from dimerization. However, in 1992, Arduengo 




stable solid, which has only methyl groups as N-substituents.9 Hence, it is clear that, 
steric bulk of the N-substituents is not the only factor to stabilize free carbenes. 
Theoretical calculations of free NHCs have also shown that the energy gap between the 
triplet and singlet ground state is about 65-85 kcal/mol.10 The stability of this type of bent 
singlet carbene is attributed to the mesomeric (M) and inductive effects (I) of the 
substituents on the carbene atom, which is collectively called as “push-pull-effect”. The 
+M effect pushes the lone pair electrons of the N atom into the empty p orbital of the 
carbene carbon atom, thereby increasing the electron density of the carbene center. This 
effect also increases the relative energy of the p orbital leading to a larger -p energy 
gap, and thus favoring the singlet ground state. Besides that, -I effect of the electron 
withdrawing N atom “pulls” the electron from the carbene center thereby stabilizing the 
 orbital. As a result of that, the -p energy gap is further increased leading to a more 
stable singlet ground state. A pictorial representation of the electronic interactions and 













X = N-R  





After the successful isolation of free carbenes by Arduengo et al, an extensive 
research has been carried out to access free carbenes. A number of synthetic protocols 




























Scheme 1.2. Most common synthetic routes to generate free carbenes.  
 
The most commonly used method is the deprotonation of 1,3-disubstituted azolium 
salts using a suitable base (a). A wide variety of bases can be used in different solvents 
for this purpose. The first stable NHC was isolated by this method using NaH and 
catalytic amount of DMSO as the base in THF. Other bases, which have been generally 
used to get free NHCs include KOtBu, nBuLi, Li[N(iPr)2] and M[N(SiMe3)2] (M = Li, K, 
Na). If a base sensitive substituent is attached to the imidazolium salt, a more selective 
base such as sec-BuLi can be used to obtain free carbenes.11 Alternatively, the addition of 
NaH or KNH2 to a suspension of imidazolium salt in liquid ammonia would also lead to 
the formation of the corresponding free carbenes. This technique was developed by 
Herrmann et al., and is particularly useful for the deprotonation of diimidazolium salts to 
afford free carbenes within minutes.12 Kuhn et al. have introduced a method to synthesize 




elemental potassium.13 Later, Hahn and co-workers have implemented this protocol 
toobtain the first example of benzimidazolin-2-ylidene from the corresponding 
benzimidazolin-2-thione (b).14a Thermolysis of 2-methoxy substituted imidazole adducts 
is another way to synthesize free carbenes (c).15 
As a result of these various procedures available to generate carbenes, a large 
number of free carbenes have been reported over the years with different backbones (e.g., 
saturated, unsaturated or benzannulated), ring sizes (e.g., four-, five-, six-, or seven-
membered ring), heteroatoms (e.g., nitrogen, sulfur, phosphorus or boron), and position 
of the carbene carbon with respect to the heteroatom in the ring.1a,16 An overview of 































Amongst the different types of NHCs reported so far, three major types namely 
imidazolin-2-ylidene, imidazolidin-2-ylidene and benzimidazolin-2-ylidene have been 
the main focus of research in NHC chemistry. Their reactivities, spectroscopic 
characteristics and structural analysis have been very well studied. The saturated NHCs 
show tendency to dimerize as its singlet-triplet energy gap is only about 70 kcal/mol as 
compared to the gap of about 80 kcal/mol for unsaturated NHCs, which are relatively 
more stable as monomers.10 In the case of benzimidazolin-2-ylidene, the free carbene and 
the corresponding dimer exist in equilibrium, which depends on the steric bulk of the N-
substituents. Besides that, the 13C NMR spectroscopic data revealed that the signal for the 
C2 carbon in benzimidazolin-2-ylidene is observed somewhere in between the typical 
values found for the C2 resonance of imidazolidin-2-ylidenes and imidazolin-2-ylidenes 
(Figure 1.7). The N1-C2-N3 angle in benzimidazolin-2-ylidene determined 
crystallographically is actually in the range characteristic for imidazolidin-2-ylidenes 
though it has an unsaturated backbone.14 Therefore the benzimidazolin-2-ylidene exhibits 
the topology of an unsaturated NHC, but its reactivities, structural and spectroscopic 
properties are similar to that of saturated NHCs. Despite the intriguing properties of 
benzimidazolin-2-ylidene, less attention has been paid for this type and its metal 
complexes as compared to saturated and unsaturated NHCs. Hence, it is of interest to 
explore the transition metal chemistry of benzimidazolin-2-ylidene ligands. The findings 






Figure 1.7. Comparison of three major types of NHCs. 
 
Comparison of electronic and steric properties of metal complexes bearing N-
heterocyclic carbenes and phosphines. Phosphines are a major class of spectator 
ligands that have been used in homogeneous catalysis. After the introduction of NHCs in 
organometallic chemistry, it was concluded-initially by spectroscopic measurements-that 
NHCs have comparable electronic properties with phosphines. Later, experimental and 
theoretical investigations have proven that NHCs are even stronger donors than the most 
basic phosphines,17 and non-negligible -electron accepting properties of NHCs have 
also been reported.18 Metal carbene bonds show relatively high dissociation energies than 
metal phosphine bonds. For example, the dissociation energy of PMe3 group from trans-
[PdCl2(PMe3)(NHC)] requires 38.4 kcal/mol, whereas 54.4 kcal/mol is required for the 
dissociation of the NHC from the same complex.19 Another important aspect of NHCs 
that surpasses their phosphine counterparts is the orientation of the steric bulk in their 
metal complexes. As shown in Figure 1.8, in the case of phosphines the three substituents 
on the coordinating P atom point away from the metal center leading to a cone shaped 
environment (C). On the other hand, in NHC complexes, the substituents provide a fan 





















both monomers and  
dimers are possible 











shaped steric orientation (D) and are flanking the metal center. This feature favors the 
formation of low-coordinate metal complexes, which is the key for most challenging 
catalytic transformations such as cross-coupling reactions of non-activated aryl 
chlorides.20 Moreover, the substituents are not directly attached to the coordinating atom 










C D  
Figure 1.8. Comparison of steric environment in phosphine and NHC complexes. 
 
The relatively high stability of the N-heterocyclic carbenes and the ease of 
structural modifications have prompted their use as organocatalysts.21 Moreover, NHC 
complexes have also been used widely as catalysts in homogeneous reactions due to their 
stability toward air and moisture. As a result, a number of synthetic procedures have been 
developed to prepare NHC-metal complexes.  
 
1.3 Preparation and application of N-heterocyclic carbene complexes 
 
Due to the beneficial properties of NHCs over phosphines and its versatility, 
metalation of NHCs with almost all d-block elements and a large number of main-group 
elements have been reported. Over the last two decades, a number of different synthetic 




tridentate and donor functionalized NHCs. An overview of some major ones is discussed 
in the following section (Scheme 1.3). 
(a) The reaction of free carbene with a suitable metal complex. This method 
could be considered as a more straightforward route to obtain metal complexes. However, 
the free carbenes should be stable to some extent for further reaction with metal complex 
precursors. Hence, this method is limited only to imidazolin-2-ylidenes as imidazolidin-















































Scheme 1.3. Major synthetic routes to NHC complexes. 
 
(b) In situ deprotonation of azolium salts under suitable conditions. This 




metal complexes with a basic ligand. For instance, a nickel complex with two aryloxo-
functionalized NHCs could be prepared by treatment of the ligand precursor with 
NaN(SiMe3)2 and Ni(PPh3)2Br2 in a one-pot procedure.22 Alternatively, metal complexes 
bearing basic ligands such as [M(OAc)2] (M = Pd, Pt, Ni, Hg, Ag etc), or 
[(cod)Ir(-OR)]2 (cod = cyclooctadiene) can be used, in which the basic ligand will 
deprotonate and generate the free carbene in situ. The first NHC complexes reported by 
Wanzlick and Öfele have been prepared by this method.7,23 This in situ deprotonation 
method is particularly advantageous because the handling of air and moisture sensitive 
free carbene species can be avoided. Most of the Pd(II) and Ni(II) complexes of N-
heterocyclic carbenes discussed in this work were prepared using this in situ 
deprotonation method. 
(c) Insertion of transition metals into electron rich C=C bonds. This method 
reported by Lappert and co-workers involves insertion of a coordinatively unsaturated 
electrophilic metal complex into C=C bond of electron rich olefins such as 
enetetraamines to afford metal NHC complexes.24 This methodology is useful for 
imidazolidin-2-ylidenes and benzimidazolin-2-ylidenes as these two NHCs normally 
exist in their dimeric form. In addition, metal complexes of chelating di(NHC) can also 
be obtained by insertion into N,N’-bridged tetraazafulvalenes.25 N-heterocyclic carbene 
complexes with a range of transition metals including Pt, Ni, Rh, Pd, W, Cr, Co, and Fe 
can be prepared using this protocol.26  
(d) Transmetalation reaction of silver-carbene complex. Lin and co-workers 
have reported the first Ag-carbene transfer method in 1998.27 In this method, Ag2O is 




complexes. Due to the labile nature of Ag-Ccarbene bond, they can serve as carbene 
transfer reagents to other metals such as Pd, Au, Ni, Rh, and Ir. This method has been 
widely used owing to the mild reaction conditions, which lead to less decomposition 
products. All gold complexes and some of the Pd complexes discussed in this work were 
obtained by this route. 
(d) The metal-template assisted synthesis of NHC complexes from isocyanide 
complexes. A conceptually different approach first discovered by Tschugajeff and 
Skanawy-Grigorjewa in 1915 and later further developed by Fehlhammer’s and Hahn’s 
group involves the use of isocyanide complexes as templates to generate NHCs or acyclic 
diamino carbene complexes.28 The nucleophilic reaction of proton bases HD (D = OR, 
SR, RNH) with coordinated isocyanide leads to metal-NHC complexes. This method 
yields one of the few examples of benzimidazolin-2-ylidenes, in which the N substituents 
are protons. The latter may subsequently undergo substitution reactions. Transition metal 
complexes of benzoxazolin-2-ylidenes have also been prepared solely by this metal 
template directed synthesis.29 
(e) Oxidative addition of an azolium salt to a low-valent metal complex. 
Synthesis of N,S- and N,O-heterocyclic carbene complexes by oxidative addition of C-Cl 
bond on a low oxidation-state metal precursors have been reported by Stone in 1970s,30 
and later it was employed by Cavell and other groups.25,31 Another report by Clement and 
co-workers exemplified the oxidative addition of a C2-H bond of the imidazolium salt to 
a coordinatively unsaturated M(NHC)2 (M = Ni, Pd) complex leading to a more stable 




The accessibility of transition metal complexes of N-heterocyclic carbenes using 
various facile methodologies discussed above, and the chemical and thermal stabilities of 
NHC metal complexes have paved the way for NHCs as spectator ligands in 
organometallic chemistry. Thus, N-heterocyclic carbene complexes have replaced the air-
sensitive and environmentally malign phosphine complexes in organometallic catalysis. 
As a consequence, in the past two decades, N-heterocyclic carbenes have been applied to 
a large variety of research areas including their use as anti tumor agents in medicinal 
chemistry,33 as building blocks in supramolecular chemistry and polymers.34 On the other 
hand, tremendous applications of NHCs in organo- and organometallic catalysis have 
been documented over the years.21,35 The most intensive research in homogeneous 
catalysis are dedicated to the following processes: a) Pd-NHC complexes have been used 
in C-C, C-N, and C-S cross-coupling reactions; b) Ruthenium carbene complexes have 
been used as catalysts in olefin metathesis reactions; c) Hydrosilylation of alkenes and 
alkynes are catalyzed by Pt(0) NHC complexes; d) Oligomerization and polymerization 
reactions are catalyzed by nickel carbene complexes; e) Iridium and rhodium carbene 
complexes have been used in hydrogenation of alkenes. Robert Grubbs has been awarded 
the Nobel Prize in 2005 for his significant contribution in olefin metathesis reactions. In 
the second generation Grubb’s catalyst (Figure 1.9), a NHC ligand has replaced one of 
the phosphine ligands in the first generation catalyst. This modification has led to a 
















1st generation 2nd generation  
Figure 1.9. 1st and 2nd generation of Grubb’s catalysts.  
 
1.4 Aim and objective 
 
Transition metal complexes of NHCs as mentioned above have been applied 
extensively in homogeneous catalysis. Most notably, the role of Pd is vital in the case of 
C-C and C-X (X = N, S, and O) bond forming reactions. As a result, a rapid progress has 
been made on this topic, which has been reviewed recently by Organ et al.36 However, 
most of the studies on this topic are based on palladium carbene complexes bearing halo 
ligands as anionic co-ligands. On the other hand, Pd(II) complexes of NHCs with other 
anionic co-ligands such as carboxylato groups have also been proven to be catalytically 
beneficial for various reactions such as C-H activation, hydroarylation of alkynes, aerobic 
oxidation of alcohols and Suzuki-Miyaura coupling reaction.37 Mixed carbene-
carboxylato Pd(II) complexes of benzimidazolin-2-ylidenes (Figure 1.10) and their 
application in Heck-Mizoroki coupling reactions have been previously reported by 
Huynh et al.38 As a continuation, it is of interest to synthesize mixed carbene-carboxylato 























R = Me, iPr; X = H, F  
Figure 1.10. Mixed carboxylato-carbene Pd(II) complexes. 
 
In analogy to Pd carbene complexes, NHC complexes of Ni have also been proven 
to be catalytically active in a number of homogeneous reactions such as Suzuki-
Miyaura39 and Kumada-Corriu40 couplings, olefin dimerization41 and polymerization,42 
C-C bond activation of biphenylene,43 transfer hydrogenation of imines,44 amination45 
and dehalogenation46 of aryl halides. A variety of synthetic routes such as in situ 
deprotonation of azolium salts in the presence of NiX2,47 transmetalation of silver 
carbene complex with [NiX2(PPh3)2]39b have been reported to generate Ni carbene 
complexes. Besides that, Huynh and co-workers have reported the usage of a low 
melting, inert salt such as tetrabutylammonium halide as reaction medium for the reaction 
of azolium salts and Ni(OAc)2 to obtain Ni complexes of benzimidazolin-2-ylidenes.48 
Recently Chen and co-workers have reported a very simple and low cost methodology to 
synthesize various non-noble transition metal complexes including Ni using cheap and 
readily available metal powders.49 Despite the ease of synthesis and advantageous 
characteristics in homogeneous catalysis, nickel carbene complexes are not very well 
studied as compared to their Pd analogue. Even smaller is the number of nickel 
complexes bearing non-halo anionic co-ligands such as azido and isothiocyanato ligands, 




pioneering work by Beck and co-workers in 1966, has given the first example of 
transition metal complexes of phosphines bearing azido ligands as non-halo anionic co-
ligands.50 Later, it was found that the coordinated azido ligands akin to organic azides can 
undergo Huisgen 1,3-dipolar cycloaddition reactions51 with a range of dipolarophiles 
such as alkynes, alkenes, nitriles, thiocyanides, and isocyanides to form metal complexes 
bearing C- or N-coordinated heterocycles.52 Isothiocyanato ligands also belong to an 
interesting class of anionic co-ligands due to their ambidentate behavior.53 They may also 
serve as bridging ligands leading to bimetallic54 or heterobimetallic complexes.55 Kim 
and co-workers have made a significant contribution to the study of transition metal 
complexes of phosphines with non-halo anionic co-ligands such as azido and 
isothiocyanato ligands (Figure 1.11).56,57 They have also reported the reactivities of such 
complexes as templates in 1,3-dopolar cycloaddition reactions for the synthesis of 
coordinated heterocycles around the metal center. On the other hand, there exist no 
examples of azido or isothiocyanato complexes bearing NHCs as co-ligands. Hence, one 
of the objectives of this work is to synthesize nickel carbene complexes bearing azido and 























M = Ni, Pd, Pt; R = Me  
Figure 1.11. Transition metal azido and isothiocyanato complexes of phosphines. 
 
Apart from monodentate carbene complexes, the preparation of chelating types of 
N-heterocyclic carbenes, which would provide extra air and moisture stability for metal 




propylene-bridged di(imidazolium) salts (E, Figure 1.12) have been reported and are 
catalytically active in C-C coupling reactions.58 On the other hand, attempts to prepare Ni 
analogue of chelating ligands using BINOL-derived bridge have yielded only the trans 
isomer (F).59 A methylene bridged diimidazolium salt afforded only a homoleptic 
dicationic Ni complex (G).11b,60 The only example for a cis-dihalo-diNHC nickel 
complex has been reported by Baker and co-workers, which is derived from a cyclophane 
bridged diimidazolium salt (H).61 Other Ni complexes bearing a cis-chelating diNHC 
include a dimethyl complex (I)62 and a cationic complex bearing one diNHC, one 
phosphine and one halide (J).11b Hence, it is also the objective to find a suitable chelating 
ligand precursor to prepare a cis-chelating dihalo Ni(II) complex of benzimidazolin-2-

















































n = 1, 2, 3
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Figure 1.12. Some chelated di(NHC) complexes. 
 
In addition to their use in catalysis, NHC complexes are also investigated as 




complexes have been reported by Herrmann and Nolan.63 Baker and Çetinkaya have also 
reported antimitochondrial and antimicrobial activity exhibited by cationic bis(carbene) 
Au(I) complexes (Figure 1.13).64 Moreover, Au carbene complexes can exhibit 
interesting photophysical properties, which have been attributed to aurophilic 
interactions.65 Most of the studies on gold complexes are based on imidazole and 
imidazoline derived carbenes. On the other hand, only little attention has been paid on 
Au(I) complexes of benzimidazolin-2-ylidenes.66 Moreover, Au(III) complexes of 
benzimidazolin-2-ylidenes are literally unexplored. Hence, given the lack of 
investigations, it is of interest to synthesize Au(I) and Au(III) complexes of less explored 
benzimidazolin-2-ylidenes and study their absorption and emission properties. The 




















K L  
Figure 1.13. Bis(carbene) Au(I) complexes reported by Baker et al (K) and Çetinkaya et 
al (L). 
 
Less heteroatom stabilized carbenes and their complexes: N-heterocyclic 
carbenes and their metal complexes, which have been studied for almost last two 
decades, are mainly based on Arduengo type carbenes wherein the carbene carbon is 
stabilized by two adjacent heteroatoms.1a,35b,67 As demonstrated by experimental and 




is due to its innate strong -donor ability and nucleophilicity as compared to the 
phosphine analogues.1a Fine-tuning of their electronic properties and thus donor strength 
can be easily achieved through variation of the back-bone and N-substituents. Hence, in 
recent years, a lot of research has been devoted towards the synthesis of strongly 
donating carbenes and their metal complexes. For example, incorporation of carbene 
center adjacent to only one heteroatom is one way to make stronger donating types (M-P 

















Figure 1.14. Representative examples of less-heteroatom stabilized NHCs. 
 
It has also been proven experimentally that, these types of carbenes are not only 
more donating than the classical types,69 but also show better activity in certain catalysis. 
For example, Pd complex derived from pyrazolin-3-ylidene (M) has shown better activity 
in Mizoroki-Heck reaction than the corresponding imidazole analogue.70 Given the 
promising advantages of these types of ligands in donor strength and thus in catalysis, it 
is of interest to expand the series to indazolin-3-ylidenes (Q) and their transition metal 





Chapter 2. Palladium(II) complexes of benzimidazolin-2-
ylidenes bearing non-halo anionic co-ligands and their 
reactivity towards isopropylthiol 
2.1 Synthesis and characterization of mixed dicarboxylato-bis(carbene) 
Pd(II) complexes  
 
Mixed diacetato-bis(carbene) complexes can be synthesized by reacting the free 
carbenes with Pd(OAc)2.71 However, this methodology involves the isolation and 
handling of free carbenes, which are very sensitive to air and moisture. Moreover, as 
mentioned in the Chapter 1, only free carbenes derived from imidazolin-2-ylidenes are 
relatively stable as monomers, whereas the saturated and benzimidazole derived 
analogues tend to dimerize easily. Hence, this methodology has its limitation. Recently 
Huynh et al. has reported a more convenient method for the synthesis of mixed carbene-
carboxylato Pd(II) complexes of benzimidazolin-2-ylidene by a simple salt metathesis 
reaction of the corresponding air and moisture stable dihalo-bis(carbene) complexes of 
Pd(II) with silver carboxylates.38 Hence, this synthetic procedure is followed in this work 
to obtain the Pd(II) complexes with acetato ligands. 
1,3-Dibenzylbenzimidazolium bromide (Bz2-bimyH+Br-, A) and 1-propyl-3-
methylbenzimidazolium iodide (Pr,Me-bimyH+I-, B) have been chosen as ligand 
precursors due to the ease of their preparation,48 and also to demonstrate the versatility of 
this methodology for both symmetrically and unsymmetrically substituted salts with 




Synthesis and characterization of dihalo-bis(carbene) Pd(II) complexes. The in 
situ deprotonation of benzimidazolium salts with Pd(OAc)2 as basic metal precursor has 
become a general method for the preparation of Pd(II)-benzimidazolin-2-ylidene 
complexes. Correspondingly, the dihalo-bis(carbene) complexes cis-[PdBr2(Bz2-
bimy)2] (1a) and cis-[PdI2(Pr,Me-bimy)2] (1b) have been obtained using the ligand 
precursors A and B in DMSO at elevated temperatures (Scheme 2.1). The complexes 1a 
and 1b have been isolated as white or off-white solids. In the 1H NMR spectra of 1a and 
1b, the absence of a downfield signal characteristic for the NCHN protons in the salts A 
and B indicates a successful deprotonation of azolium salts by the basic acetato ligands. 
The benzylic protons in 1a are diastereotopic and resonate as two doublets centered at 
6.38 and 5.66 ppm, respectively, with a coupling constant of 2J(H,H) = 15.78 Hz. This 
diastereotopy determined by molecular symmetry points to a cis arrangement of the two 
carbene ligands. 13C NMR data of 1a, on the other hand, could not be obtained due to its 
extremely low solubility in common organic solvents. The 1H NMR spectrum of 1b is 
more complicated due to the unsymmetrical nature of the carbene ligand. Similar to 
complex 1a, the methylene protons of complex 1b are also diastereotopic giving rise to 
two broad multiplets for each CH2-group again indicating a cis arrangement. In addition, 
two sets for each signal are observed with an intensity ratio of 1:0.54 indicating the 
existence of cis-anti and cis-syn isomers in solution, which is in line with a restricted 
rotation of the NHC ligands due to steric bulk. The major resonances have been 
tentatively assigned to the sterically more favorable cis-anti isomer. The 13C NMR 
spectrum of 1b also shows two sets of signals corroborating the existence of an isomeric 




174.3 ppm, which are in the range typically found for cis-configured Pd(II) dihalo-
bis(carbene) complexes of benzimidazolin-2-ylidene ligands.72 The formation of 1a and 
1b has also been confirmed by positive mode ESI mass spectrometry, which shows 
isotopic envelopes at m/z = 783 and 581, respectively, for the [M  X]+ cations resulting 







A: R = R' = CH2Ph, X = Br












1a: R = R' = CH2Ph, X = Br
1b: R = Pr, R' = Me, X = I  
Scheme 2.1. Synthesis of dihalo-bis(carbene) Pd(II) complexes 1a/b. 
 
Single crystals of solvate 1b·0.5Et2O suitable for X-ray diffraction were obtained 
from diffusion of diethyl ether into a saturated DMF solution at ambient temperature and 
its molecular structure is shown in Figure 2.1. The mononuclear complex contains a 
Pd(II) center that is coordinated by two NHC and two iodo ligands in a distorted square-
planar fashion. The distortion from perfect square-planar geometry is quantified by a 
dihedral angle of 13° between the Pd1-C1-C12 and the Pd1-I1-I2 planes. The two 
unsymmetrically substituted carbene ligands are found in a cis-anti arrangement to each 
other and are oriented almost perpendicularly to the mean PdC2I2 coordination plane with 




the Pd-I [2.6431(6) and 2.6664(6) Å] bonds lengths are in the same range as observed for 
other cis-benzimidazolin-2-ylidene Pd(II) complexes.72  
 
 
Figure 2.1. Molecular structure of complex 1b·0.5Et2O showing 50% probability 
ellipsoids. Hydrogen atoms and the solvent molecule have been omitted for clarity. 
Selected bond lengths [Å] and angles [deg]: Pd1-C1 1.992(6), Pd1-C12 1.995(5), Pd1-I1 
2.6431(6), Pd1-I2 2.6664(6); C1-Pd1-C12 92.4(2), I1-Pd1-I2 93.893(18), C12-Pd1-I2 
87.99(15), C1-Pd1-I1 87.27(15), C1-Pd1-I2 169.64(17), C12-Pd1-I1 171.54(17).  
 
Synthesis and characterization of mixed diacetato-bis(carbene) Pd(II) 
complexes. Halide substitution of 1a and 1b with AgO2CCH3 afforded the diacetato-
bis(carbene) complexes cis-[Pd(O2CCH3)2(Bz2-bimy)2] (2a) and cis-
[Pd(O2CCH3)2(Pr,Me-bimy)2] (2b) in excellent yields of >85% (Scheme 2.2). As 
reported preciously by Huynh and co-workers,38,73 halo-carboxylato exchange also leads 
to an improved solubility. Thus, the white complexes 2a and 2b are soluble in most 















1a: R = R' = CH2Ph, X = Br












2a: R = R' = CH2Ph 
2b: R = Pr, R' = Me  
Scheme 2.2. Synthesis of diacetato-bis(carbene) Pd(II) complexes 2a/b.  
 
The improved solubility also results in better resolved 1H and 13C NMR spectra, 
although the chemical shifts of the carbene ligands remain largely unaffected by the halo-
acetato exchange. The Ccarbene resonances for 2a and 2b amount to 173.3 and 172.5 ppm, 
respectively, and the presence of the acetato ligands is indicated by signals at 177.1 and 
177.8 ppm for the carbonyl carbon atoms. Correspondingly, 1H NMR spectra of 2a and 
2b show chemical shifts at 1.78 and 1.67 ppm for the acetato protons. Furthermore, 
positive mode ESI mass spectra of 2a and 2b are dominated by [M – O2CCH3]+ fragment 
peaks at m/z = 761 and 513 arising from the loss of one acetato ligand. 
Single crystals of complex 2a were obtained from a concentrated acetonitrile 
solution and subjected to X-ray diffraction analysis. The molecular structure of 2a 
depicted in Figure 2.2 confirms the cis arrangement of the carbene ligands around an 
essentially square-planar Pd(II) center. As commonly observed, they are oriented almost 
perpendicularly to the PdC2O2 coordination plane with a dihedral angle of 82°. The Pd-
Ccarbene bond length amount to 1.985(6) Å, which is slightly longer than those found in the 
1,3-dimethylbenzimidazolin-2-ylidene analogue (1.964(4) Å) probably due to the more 




shorter when compared to that found in the aforementioned analogue (2.076(4) Å). 
Finally, the pendant oxygen atoms of the two monodentate acetato ligands are found in 
an anti conformation. 
 
 
Figure 2.2. Molecular structure of complex 2a showing 50% probability ellipsoids. 
Hydrogen atoms have been omitted for clarity. Selected bond lengths [Å] and angles 
[deg]: Pd1-C1 1.985(6), Pd1-O1 2.048(5), C1-N1 1.338(8), C1-N2 1.361(8); C1-Pd1-
C1A 93.4(4), C1-Pd1-O1 90.6(2), O1-Pd1-O1A 85.7(3), C1-Pd1-O1A 174.2(2). 
 
2.2 Reactivity study of the mixed diacetato-bis(carbene) Pd(II) 
complexes towards isopropylthiol 
 
In an attempt to study their reactivities, complexes 2a and 2b were treated with two 
equivalents of isopropylthiol (iPr-SH). An in situ deprotonation of the thiol by the basic 
acetato ligands and subsequent ligand displacement was anticipated, which in turn would 
lead to the formation of neutral dithiolato-bis(carbene) complexes. However, the targeted 
neutral complexes were not obtained. Instead, the dipalladium species [Pd2(-iPr-S)2(Bz2-




core were obtained upon salt-metathesis with NaBF4 as light yellow solids in high yields 
of 93 and 95%, respectively (Scheme 2.3). The preferred formation of dimetallic 
complexes bearing two bridging thiolato ligands is apparently due to the highly 
nucleophilic nature of the latter, which cannot be sufficiently compensated by only one 
weakly Lewis acidic bis(carbene)Pd(II) complex-fragment. It is noteworthy that 
especially d8 complexes of type [M2(-SR)2L4]2+ with various ligands L have received 
great interest in recent years.74 However and surprisingly, there exists no example bearing 


































2a: R = R' = CH2Ph 
2b: R = Pr, R' = Me
3a: R = R' = CH2Ph 
3b: R = Pr, R' = Me  
Scheme 2.3. Synthesis of -thiolato dinuclear Pd(II) complexes 3a/b. 
 
The 1H NMR spectrum of 3a shows broad signals with a typical heptet at 2.08 ppm 
and a doublet at 0.68 ppm for the CH and CH3 protons of the isopropylthiolato ligands. 
The carbenoid carbon is resonating at 176.0 ppm. The NMR spectra for complex 3b, on 
the other hand, are more complicated and show the presence of at least three isomers in 
solution, which result from different arrangements of the unsymmetrical NHC as well as 




Positive mode ESI mass spectrometry also supports the formation of complexes 3a and 




Figure 2.3. Molecular structure of complex 3a·2CH3CN showing 50% probability 
ellipsoids (upper: side view; lower: top view). Hydrogen atoms, solvent molecules, BF4- 
counter anions and the N-substituents have been omitted for clarity. Selected bond 
lengths [Å] and angles [deg]: Pd1-C1 2.040(11), Pd1-C22 2.045(11), Pd1-S1 2.348(3), 
Pd1-S1A 2.333(3); C1-Pd1-C22 91.4(4), C1-Pd1-S1 91.6(3), C22-Pd1-S1A 93.9(3), S1-
Pd1-S1A 83.10(12), Pd1-S1-Pd1A 96.90(12), C1-Pd1-S1A 174.0(3), C22-Pd1-S1 
176.4(3). 
 
X-ray diffraction on single crystals of both complexes obtained as solvates from 
concentrated acetone (3a·2CH3CN) and acetonitrile (3b·CH3CN·H2O) solutions, finally 
confirmed their identities as dinuclear complexes, and their molecular structures are 
depicted in Figures 2.3 and 2.4, respectively. Both complexes contain two essentially 




ylidenes and linked by two bridging isopropylthiolato ligands. The carbene ring planes 
are oriented almost perpendicularly to the PdC2S2 coordination planes with dihedral 
angles ranging from 58.21 to 69.51°, which is commonly observed for NHC complexes. 
 
 
Figure 2.4. Molecular structure of complex 3b·CH3CN·H2O showing 50% probability 
ellipsoids (upper: side view; lower: top view). Hydrogen atoms, solvent molecules, BF4- 
counter anions and the N-substituents have been omitted for clarity. Selected bond 
lengths [Å] and angles [deg]: Pd1-C1 2.005(6), Pd1-C12 2.035(6), Pd2-C23 2.011(6), 
Pd2-C34 2.018(7), Pd1-S1 2.3565(16), Pd1-S2 2.3519(18), Pd2-S1 2.3502(17), Pd2-S2 
2.3673(16); C1-Pd1-C12 92.4(2), C23-Pd2-C34 94.1(3), C1-Pd1-S1 90.42(16), C12-Pd1-
S2 93.24(18), C23-Pd2-S1 88.10(6), C34-Pd2-S2 94.03(19), C1-Pd1-S2 174.27(17), 
C12-Pd1-S1 177.12(19), C23-Pd2-S2 171.81(19), C34-Pd2-S1 176.4(2), S1-Pd1-S2 
83.91(6), S1-Pd2-S2 83.71(6), Pd1-S1-Pd2 94.00(6), Pd1-S2-Pd2 93.67(6). 
 
In complex 3b, the two unsymmetrically substituted carbene ligands are also found 
in the sterically more favorable anti configuration with respect to their N-substituents. 




distances in 3a have become slightly elongated with values of 2.040(11) and 2.045(11) Å, 
respectively, which is in line with a stronger donation from thiolato ligands as compared 
to carboxylato ligands. The corresponding distances in 3b are in a similar range. The Pd-
S bond lengths of both dipalladium complexes ranging from 2.333-2.367 Å are 
comparable to those found in phosphine analogues.74f Noteworthy, the two complexes 
differ in the bending angle between their two coordination planes. While complex 3a has 
a planar [Pd2S2] ring induced by symmetry and probably due to the steric bulk of the 
N-benzyl substituents, that one of 3b is slightly bent with a hinge angle of ca. 158°. 
Consequently, the intramolecular Pd···Pd distance in 3a (3.5026(14) Å) is also longer 
than that found in 3b (3.4423(6) Å). The intramolecular S···S distances in 3a and 3b 
amount to 3.1051(41) and 3.1478(24) Å, respectively. As expected, the S-isopropyl 
groups in 3a are arranged in an anti fashion pointing to different sides of the planar 
[Pd2S2] ring. The same anti arrangement was found in the hinged complex 3b. The latter 
observation is somewhat surprising, since theoretical calculations would favor a syn 





Chapter 3. Nickel(II) complexes of benzimidazolin-2-ylidene 
ligands 
3.1 Mixed diazido-bis(carbene) complexes of nickel(II) 
3.1.1 Synthesis and characterization of mixed diazido-bis(carbene) Ni(II) complex 
  
NaN3 has been widely used to synthesize azido complexes of phosphines by ligand 
exchange reaction with the corresponding trifluoroacetato or halo complexes.56a,e In this 
regard, the metathesis reaction of dihalo-bis(carbene) Ni(II) complex with two 
equivalents of NaN3 is expected to afford the corresponding diazido-analogues. The 
dihalo-bis(carbene) nickel complex trans-[NiBr2(iPr2-bimy)2] (C, iPr2-bimy = 1,3-
isopropylbenzimidazolin-2-ylidene) was prepared by the procedure reported by Huynh et 
al. by heating a mixture of anhydrous Ni(OAc)2 and the azolium salt in [Bu4N]Br as ionic 
liquid under reduced pressure.48b The subsequent reaction of excess of NaN3 with 
complex C in DMF at elevated temperature afforded the desired diazido-bis(carbene) 
complex trans-[Ni(N3)2(iPr2-bimy)2] (4) as a red crystalline solid in a yield of 78% 
(Scheme 3.1). Complex 4 shows improved solubility compared to its precursor C and can 
be easily dissolved in halogenated solvents and polar organic solvents like DMSO and 
DMF. In H2O and non-polar solvents like diethyl ether, hexane and toluene it proves 
insoluble. The presence of the azido ligands is indicated by an IR band at 2032 cm-1. The 
1H chemical shifts for the carbene ligand remain largely unaffected by the halo-azido 




observed for the CH and CH3 protons of the isopropyl substituents, respectively. In the 
13C NMR spectrum of 4, the signal for the carbene carbon is observed 179.7 ppm. 
Finally, the positive mode ESI spectrum of 4 is dominated by an isotopic pattern at m/z = 




























Scheme 3.1. Synthesis of diazido-bis(carbene) Ni(II) complex. 
 
 
Figure 3.1. Molecular structure of complex 4 showing 50% probability of ellipsoids. 
Hydrogen atoms have been omitted for clarity. Selected bond lengths [Å] and bond 
angles [deg]: Ni1-C1 1.912(3), Ni1-N3 1.937(3); C1-Ni1-C1A 180.0, N3-Ni1-N3A 
180.0, C1A-Ni1-N3A 90.95(13), C1-Ni1-N3A 89.05(13). 
 
To characterize complex 4 unambiguously, X-ray quality crystals were obtained by 
slow evaporation of a concentrated CH2Cl2 solution of complex 4. Its molecular structure 
depicted in Figure 3.1 confirms the trans arrangement of the carbene ligands in an 




perpendicularly to the NiC2N2 coordination plane with a dihedral angle of 87.40. The 
Ni-Ccarbene bond distances of 1.923(3) Å, are slightly longer than the corresponding bonds 
in its precursor [1.898(2) Å],48b and the two azido ligands are oriented anti to each other 
with respect to the N-Ni-N vector. 
3.1.2 Reactivity study of mixed diazido-bis(carbene) Ni(II) complex towards 
isocyanides 
In order to investigate the reactivity of complex 4 toward organic isocyanides, it 
was treated with the aromatic 2,6-dimethylphenylisocyanide (CN-Xyl). It was anticipated 
that the isocyanide would attack the coordinated azido ligands giving rise to a template-
directed dipolar cycloaddition reaction. Surprisingly, this reaction afforded the complex 
trans-[Ni(CN4-Xyl)(NCN-Xyl)( iPr2-bimy)2] (5) as a pale yellow powder in 90 %, which 
bears a tetrazolato and a carbodiimido groups as new anionic co-ligands (Scheme 3.2). 
Most likely, complex 5 has formed as a result of dinitrogen elimination from the initial 
cycloaddition product X, which could not be isolated. With the exception of non-polar 
solvents like hexane, diethyl ether and toluene, complex 5 proves soluble in most 
common organic solvents. IR spectroscopy reveals a weak band at 2143 cm-1 for the 
carbodiimido group, whereas the azido band is absent. The 1H NMR spectrum of 
complex 5 shows two singlets at 1.64 and 1.63 ppm for methyl protons of the two 
inequivalent xylyl-containing anionic ligands. The presence of four doublets for the 
isopropyl-CH3 groups ranging from 1.76-2.00 ppm further points to an unsymmetrical 
environment around the carbene ligands. Consequently, multiple signals are also 
observed for all methyl groups from 22.9-21.7 ppm in the 13C NMR spectrum. The 




points to a more electron rich metal center. A signal at 158.8 ppm is assigned to the 
tetrazolato-C-donor, whereas a weaker 13C resonance is observed at 122.4 ppm 
characteristic for the NCN moiety of the carbodiimido ligand. Further support for the 
formation of 5 was provided by its positive mode ESI spectrum, which is dominated by a 




































70 °C, 3 h
- 2 N2
CDCl3
70 °C, 1 h
- N2

































Scheme 3.2. Synthesis of nickel complexes 5 and 6. 
  
Complex 5 is not stable in solution and slowly converts to the dicarbodiimido 
complex trans-[Ni(NCN-Xyl)2(iPr2-bimy)2] (6) through release of an additional 
equivalent of dinitrogen. The conversion of 5 to 6 is also accompanied by a color change 
of the initially yellow solution to deep red. This transformation is complete after around 
four days, and ESI mass spectrometry corroborates the formation of 6 by a new base peak 




initial base peak at 781 for 5 was absent. The reaction can be accelerated by heating, and 
1H NMR monitoring in CDCl3 shows complete conversion after 1 h at 70 °C 
(Scheme 3.2). 
Complex 6 can also be directly obtained by heating of mixture of complex 4 and 
2,6-dimethylphenyl isocyanide in THF at 70 C for 3 h. Under these optimized 
conditions, 6 can be isolated exclusively in more than 95% yield (Scheme 3.2). Its 
solubility is comparable to that of 5, but in contrast to the latter complex 6 is stable both 
in solution and solid state. The clean formation of 6 is supported by ESI mass 
spectrometry, which reveals a base peak m/z = 753 for the molecular ion [M + H]+. 
Furthermore, its IR spectrum shows a strong band at 2155 cm-1 due to the presence of 
carbodiimido ligands. Its 1H NMR spectrum is also much simpler exhibiting only one set 
of signals for each carbene and carbodiimido ligands. Thus one heptet and a doublet are 
observed at 7.08 and 1.98 ppm, respectively, for the aliphatic methine and methyl groups 
of the two NHCs, whereas one singlet at 1.83 ppm was found for the methyl protons of 
the carbodiimido ligand. More importantly, the tetrazolato-carbodiimido ligand 
transformation leads to a more Lewis acidic metal center, which is manifested in a 
highfield shift of the carbene carbon to 179.0 ppm. 
X-ray diffraction on a single crystal of complex 6 obtained from slow evaporation 
of a concentrated CH2Cl2 solution, finally confirmed its identity as mixed 
dicarbodiimido-bis(carbene) complex. The molecular structure of the square-planar Ni(II) 
complex is depicted in Figure 3.2. The increased steric bulk around the metal center 






Figure 3.2. Molecular structure of complex 6 showing 50% probability of ellipsoids. 
Hydrogen atoms have been omitted for clarity. Selected bond lengths [Å] and bond 
angles [deg]: Ni1-C1 1.923(2), Ni1-N3 1.852(17), N3-C14 1.154(3), C14-N4 1.266(3); 
C1-Ni1-C1A 180.0, N3-Ni1-N3A 180.0, C1-Ni1-N3 90.20(8), C1-Ni1-N3A 89.80(8). 
  
The Ni-N bond distances amounting to 1.8522 Å are in line with reported values.56d 
Notably, the N3-C14 bond distance of 1.154 Å in the carbodiimido ligand reflects some 
CN triple bond character (e.g. 1.16 Å), whereas the C14-N4 bond distance of 1.266 Å is 
as expected closer to a double bond.  
In an attempt to isolate primary cycloaddition products of type X, the reaction of 
complex 4 with aliphatic isocyanides was also studied. The addition of tert-butyl 
isocyanide (CN-tBu) to a red suspension of complex 4 in THF at ambient temperature 
(Scheme 3.3) and subsequent stirring for 3 h led to a clear yellow solution. This 
straightforward reaction afforded the new mixed tetrazolato-NHC complex trans-
[Ni(CN4-tBu)2(iPr2-bimy)2] (7) as a white powder in almost quantitative yield. Complex 7 
is air- and moisture stable and soluble in most common organic solvents with the 

































7: R = tert-butyl 
8: R = cyclohexyl
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Scheme 3.3. Synthesis of ditetrazolato-bis(carbene) Ni(II) complex. 
 
Upon formation of the sterically demanding N-tert-butyltetrazolato ligands, the N-
substituents of the carbene ligands become in-equivalent as evidenced by two multiplets 
at 7.10 and 5.42 ppm for the methine protons of the isopropyl groups. Accordingly, four 
sets of doublets are observed for the isopropyl-CH3 groups, whereas the tert-butyl 
substituents of the new anionic ligands only give rise to one singlet at 1.62 ppm pointing 
to a trans arrangement of the ligands. The restricted rotation around the Ni-Ccarbene bond 
as a consequence of the sterically demanding tert-butyl groups can also be observed in 
the 13C NMR spectrum of 7. Four signals for the CH3 and two resonances for the CH 
groups of the isopropyl substituents are found. Notably, a significant downfield shift of 
the carbenoid signal to 188.4 ppm indicates the formation of a stronger donating co-
ligand compared to that in its precursor 4. Finally, the coordinated tetrazolato-carbon 
resonates at 162.2 ppm, which is in the same range reported for phosphine analogues.56c 
The formation of complex 7 has also been corroborated by its positive mode ESI mass 
spectra, which shows a base peak at m/z = 713 assignable to the [M + H]+ ion. 
Single crystals of 7 were obtained by slow evaporation of a concentrated 




structure depicted in Figure 3.3 confirms the trans arrangement of the ligands around a 
distorted square-planar Ni(II) center.  
 
 
Figure 3.3. Molecular structure of complex 7 showing 50% probability of ellipsoids. 
Hydrogen atoms and isopropyl substituents have been omitted for clarity. Selected bond 
lengths [Å] and bond angles [deg]: Ni1-C1 1.922(2), Ni1-C14 1.929(3), Ni1-C27 
1.942(3), Ni1-C32 1.947(3), C32-N5 1.360(3), N5-N6 1.367(3), N6-N7 1.279(3), N7-N8 
1.368(3), N8-C32 1.355(3), C27-N9 1.367(3), N9-N10 1.370(3), N10-N11 1.293(4), 
N11-N12 1.359(3), N12-C27 1.348(3); C1-Ni1-C14 165.94(10), C27-Ni1-C32 
174.22(11), C1-Ni1-C27 87.42(11), C1-Ni1-C32 91.07(11), C14-Ni1-C27 93.92(11), 
C14-Ni1-C32 86.21(11), N1-C1-N2 106.5(2), N3-C14-N4 105.9(2), N5-C32-N8 
105.1(2), N9-C27-N12 105.0(2). 
 
As commonly observed, the two carbene ring planes are oriented almost 
perpendicularly to the NiC4 coordination plane with dihedral angles of 67.06 and 66.65, 
respectively. To avoid steric congestion, both tetrazolato ring planes are similarly twisted 
out of the coordination plane with angles of 61.01 and 57.37°. The Ni-Ccarbene distances 
amounting to 1.922 and 1.929 Å, respectively, have become slightly elongated compared 




coordination of two strongly donating tetrazolato ligands. The Ni-Ctetrazolato bond 
distances of the latter are found in the typical range of 1.942 and 1.947 Å.56c Surprisingly, 
the bulky tert-butyl groups of the tetrazolato ligands are oriented syn to each other 
pointing to the same side of the NiC4 coordination plane. This unusual arrangement 
forces the transoid carbene ligands out of linearity resulting in a substantial decrease of 
the C1-Ni-C14 angle to 165.94° (180° in a perfect square plane). 
In order to test the general feasibility of this template-assisted 1,3-dipolar 
cycloaddition, complex 4 was also treated with cyclohexyl isocyanide in THF at ambient 
temperature. In analogy to the formation of compound 7, this reaction gave complex 
trans-[Ni(CN4-Cy)2(iPr2-bimy)2] (8, Cy = cyclohexyl) as an off-white powder in 82% 
yield (Scheme 3.3) soluble in chlorinated and more polar organic solvents. Due to the 
known fluxionality of the cyclohexyl moiety, only a broad singlet was observed at 
5.99 ppm for the isopropyl CH protons in the 1H NMR spectrum. The resonances for the 
isopropyl CH3 protons overlap with those of the cyclohexyl ring resulting in a very broad 
signal centered at 1.51 ppm. More importantly, the chemical shift for carbene carbon 
arises in an even more deshielded region at 192.4 ppm indicating a very electron rich 
metal center. The signal for the tetrazolato carbon at 165.7 ppm, on the other hand, is 
closer to its analogue 7. Positive mode ESI mass spectrometry also supports the 
formation of complex 8 with an isotopic envelope at m/z = 765 for the [M + H]+ ion. 
3.1.3 Template directed synthesis of a mixed benzimidazolin-2-ylidene/tetrazolin-
5-ylidene complex  
 Common methods for the preparation of carbene complexes include direct 




precursors or their oxidative addition to low valent metal complexes. Raubenheimer et al. 
have described an elegant, but less common method to synthesize carbene complexes by 
N-protonation or N-alkylation of C-azolato complexes.76 By doing so, the anionic azolato 
ligand is converted into a neutral carbene ligand. This procedure has the distinct 
advantage that it enables the direct comparison of azolato complexes with the 
subsequently formed carbene complexes. To this point, Fehlhammer et al. have proposed 
the formation of a tetrazole-derived carbene complex by acidification of a homoleptic 
tetrakis-tetrazolato Au(III) species with diluted HCl.77 However, complete evidence for 
the formation of this complex could not be obtained. On the other hand, some tetrazolin-
5-ylidene complexes have been obtained by in situ deprotonation of tetrazolium salts78,79 
and through oxidative addition of a 5-chlorotetrazolium salt to Pd(0).79 We anticipated 
that N-alkylation of tetrazolato complex 7 should afford the respective 
tetrazolin-5-ylidene compound in a straightforward way. Thus, complex 7 was treated 
with excess ethyl iodide in acetonitrile for 12 h under reflux conditions. However, no 
reaction was observed and only starting material was recovered. Methylation of 7 took 
place when the stronger electrophile trimethyloxonium tetrafluoroborate was used under 
inert atmosphere (Scheme 3.4). Upon alkylation, the cationic reaction product 
precipitated from CHCl3 and could be isolated as a white solid after filtration. Although 
excess of oxonium salt was used, the formation of the mono-methylated complex as by-











































Scheme 3.4. Synthesis of nickel(II) complex 9. 
 
However, the desired dicationic mixed tetracarbene complex [Ni(CN4-
tBu,Me)2(iPr2-bimy)2](BF4)2 (9) shows a better solubility in CH2Cl2 and washing with 
that solvent afforded pure 9 in 63% yield. It is soluble in DMSO, DMF, CH3CN, CH2Cl2, 
CH3OH and Acetone. ESI mass spectrometry confirmed its formation by a base peak at 
m/z = 371 for the [M  2BF4]2+ complex cation. In the 1H NMR spectrum, a singlet for 
the newly introduced methyl group is observed at 4.33 ppm. The resonance for the same 
group appears at 42.5 ppm in the 13C NMR spectrum. Notably, the formation of the 
tetrazolin-5-ylidene ligands leads to a substantial highfield shift of the benzimidazolin-2-
ylidene carbene carbon to 176.8 ppm. This observation is in line with an increased Lewis 
acidity of the dicationic complex 9. The carbenoid resonance for the newly formed 
tetrazolin-5-ylidene is observed at 172.0 ppm, which is similar to previously reported 
values for Pd analogues.79 Furthermore, two signals at -76.63 and -76.68 ppm are 
observed in 19F NMR spectrum of complex 9 for the BF4- counter anions. 
An X-ray diffraction analysis on single crystals obtained as solvate 9·2CH2Cl2 by 
slow evaporation of a concentrated CH2Cl2 solution unambiguously corroborates the 






Figure 3.4. Molecular structure of complex 9·2CH2Cl2 showing 50% probability of 
ellipsoids. Hydrogen atoms, isopropyl substituents, solvent molecules and BF4counter 
anions have been omitted for clarity. Selected bond lengths [Å] and bond angles [deg]: 
Ni1-C1 1.946(9), Ni1-C14 1.936(8), Ni1-C27 1.911(9), Ni1-C33 1.923(8), C27-N5 
1.396(11), N5-N6 1.335(9), N6-N7 1.301(10), N7-N8 1.330(10), N8-C27 1.329(11), 
C33-N9 1.395(10), N9-N10 1.322(10), N10-N11 1.294(10), N11-N12 1.323(10), N12-
C33 1.354(10); C1-Ni1-C14 165.9(3), C27-Ni1-C33 172.9(4), C1-Ni1-C27 86.7(4), 
C1-Ni1-C33 92.9(4), C14-Ni1-C27 92.5(4), C14-Ni1-C33 86.2(3). 
 
Notably, the overall distorted square planar geometry including the syn orientation 
of the bulky tert-butyl groups is retained upon alkylation of the two tetrazolato ligands in 
7. The methylation occurred at the least hindered 3-position of the tetrazole rings (i.e. N7, 
N11) giving rise to the formation of two new 1-tert-butyl-3-methyltetrazolin-5-ylidene 
ligands. All carbene ring planes are almost perpendicular to the NiC4 coordination plane 
with angles ranging from 56° to 67°. The C-N and N-N interatomic distances in the 
tetrazolin-5-ylidene rings are in the range found for 1,4-dialkyl analogues78 and typical 
for aromatic bonds, reflecting some degree of delocalization. The Ni-Ctetrazolin bond 




formation, whereas the Ni-Ccarbene bonds with the ancillary benzimidazolin-2-ylidene 
ligands of 1.946 and 1,936 Å show a continuous elongation with transformations from 4 
to 7 and finally to 9. This bond-elongation is in line with the increasing steric bulk of the 














































Figure 3.5. Comparison of mesomeric Lewis structures of an abnormal 1,3-
dialkyltetrazolin-5-ylidene (I) and a normal 1,4-dialkyltetrazolin-5-ylidene (II) or 1,2-
dialkyltetrazolin-5-ylidene (III). 
 
Interestingly, the 1,3-disubstitution pattern of the new tetrazole-based ligands in 9 
results in so-called “abnormal carbenes”, which cannot be represented by any neutral 
Lewis structure. As depicted in Figure 3.5 all mesomeric forms require additional charges 
(Figure 3.5, I). An isomeric 1,4- or 1,2-disubstituted tetrazolin-5-ylidene, on the other 
hand, is a normal NHC, which can be represented by a neutral Lewis formula (Figure 3.5, 
II and III). In contrast to all examples described in literature so far,73,80 abnormal 
coordination mode of carbenes does not require the presence of two or more isomeric C-
donor sites. In tetrazolin-5-ylidenes selective N-alkylation can simply influence 





3.2 Mixed isothiocyanato-bis(carbene) complexes of nickel(II) 
3.2.1 Synthesis and characterization of mixed isothiocyanato-bis(carbene) Ni(II) 
complexes 
Isothiocyanato complexes can be obtained by metathesis reaction of metal halides 
with alkali isothiocyanates (NaSCN/KSCN) or NH4SCN.81 Kim and co-workers have 
reported isothiocyanato complexes of the Ni triad by reacting the corresponding azido 
















C: R = R' = iPr; X = Br
D: R = R' = iBu; X = Br
E: R = R' = benzyl; X = Br
F: R = R' = propenyl; X = Br




























70 °C, 12 h
10a: R = R' = iPr
10b: R = R' = iBu
10c: R = R' = benzyl
10d: R = R' = propenyl
10e: R = Pr, R' = Me
 





The reaction of AgSCN with a dihalo-bis(carbene) complex is also expected to the 
form a desired mixed diisothiocyanato-bis(carbene) complex. The trans-dihalo-
bis(carbene) Ni(II) complexes (C-G) have been previously reported Huynh et al.48The 
metathesis reaction of excess of AgSCN with complexes C-G in CH3CN at 70 C for 12 
h afforded the corresponding mixed diisothiocyanato-bis(carbene) complexes (10a-e) as 
greenish yellow powders in moderate to good yields (Scheme 3.5). The reaction mixture 
initially a red suspension turned to greenish-yellow upon exchange of ligands. Except for 
10e, which is only sparingly soluble in DMSO, DMF and dichloromethane, the solubility 
of the complexes 10a-d has improved compared to their precursors. They are readily 
soluble in DMSO, DMF and chlorinated solvents, sparingly soluble in CH3CN, THF and 
ethyl acetate, and insoluble in water and non polar solvents. The 1H NMR spectra of 
complexes 10a and 10b show a similar signal pattern as their precursors, which suggests 
a trans arrangement of the carbene ligands. On the other hand, the 1H NMR spectrum of 
10c shows the presence of trans- and cis isomers. A singlet at 6.02 ppm is characteristic 
for the benzylic protons of the trans isomer. Whereas in the cis isomer these protons are 
diastereotopic and resonate as two doublets centered at 6.30 ppm and 6.16 ppm, 
respectively, with a coupling constant of 2J(H,H) = 15.8 Hz. Interestingly, a slow cis to 
trans isomerization is observed in the solution state. This is corroborated by a change in 
the integration for the benzylic proton signals in the 1H NMR spectrum. An initial 
intensity ratio of 10.4 for the benzylic protons of the trans and cis isomers changed to 
10.1 after 12 h. However, a complete cis to trans conversion has not been reached even 
after 48 h. In the 1H NMR spectrum of 10d, a broad multiplet is observed at 6.34 ppm 




group overlaps with the NCH2 signal resulting in a pseudo-multiplet at 5.49 ppm. The 1H 
NMR spectrum of complex 10e bearing unsymmetrically substituted ligands is more 
complicated due to the presence of rotational isomers, which gives rise to two sets of 
signals. Moreover, two broad signals are observed for the NCH2 groups at 5.01 and 4.53 
ppm, which may be due to the diastereotopic nature of these protons. This observation 
supports the cis arrangement of the carbene ligands in 10e. The major signals are 
tentatively assigned to the sterically more favored cis-anti isomer. In the 13C NMR 
spectra of 10a-d, the carbenoid carbons resonating at 173.1, 175.0, 176.9 and 175.4 ppm, 
respectively, are shifted to highfield as compared to those signals in their precursors. 
Because of the poor solubility of complex 10e, its 13C NMR spectrum could not be 
obtained. The presence of the NCS ligands in all compounds is also corroborated by IR 
stretching bands in the range of 2100-2114 cm-1 recorded in CH2Cl2 solutions, which are 
comparable to those of phosphine counterparts.57 Finally, the formation of the complexes 
10a-e has also been confirmed by positive mode ESI mass spectrometry with peaks 
corresponding to [M  NCS]+ fragments. 
Table 3.1. Selected bond lengths and angles for 10a-e. 
 10a 10b 10c 10d 10e 
Ni1-C1 (Å) 1.927(3) 1.921(3) 1.915(2) 1.879(2) 1.881(3) 
Ni1-N3 (Å) 1.844(3) 1.855(3) 1.848(2) 1.876(2) 1.889(3) 
C1-Ni1-C1A () 179.99(1) 180.0 179.99(1) 90.61(14) 90.80(18) 
N1-Ni1-N1A () 179.99(1) 180.0 179.99(1) 89.92(13) 89.22(16) 
C1-Ni1-N3 () 90.28(28) 89.98(10) 89.40(9) 90.14(10) 90.37(12) 
C1-Ni1-N3A () 89.72(12) 90.03(10) 90.60(9) 173.16(10) 173.30(13) 
NiC2N2/carbene 
dihedral angle () 




Single crystals of 10a-e suitable for X-ray diffraction analysis were obtained by 
slow evaporation of concentrated CH2Cl2 solutions. Selected bond lengths and angles are 
given Table 3.1. In complexes 10a-c, the carbene ligands are oriented mutually trans to 
each other around the square-planar Ni center. The Ni-Ccarbene bond lengths [1.927(3)-
1.915(2) Å] in 10a-c are slightly elongated as compared to those in their precursors, 
which may be due to an increase in steric bulk around the metal center.  
 
 





In all complexes NCS ligand is coordinated through N atom. This is in line with the 
Pearson (HSAB) concept as Ni is a hard Lewis acid and hence, the coordination of a hard 
base (N) is more preferred than a soft S atom. The Ni-N bond lengths of [1.844(3)-
1.855(3) Å] in 10a-c are in the same range as observed for the phosphine analogues.57 
The carbene ring planes are oriented almost perpendicularly to the NiC2N2 coordination 
plane with dihedral angles of 73.9-78.7. The preference for the trans orientation of the 
carbene ligands in 10a-c may be due to the steric hindrance exerted by their bulky N-
substituents. The molecular structures of 10a and 10c are depicted in Figure 3.6 as 
representatives for trans complexes 10a-c. On the other hand, the carbene ligands in 
complexes 10d and 10e, which are bearing relatively less bulky N-substituents as 
compared to 10a-c, adopt a cis orientation (Figure 3.6). Compared to their precursors, a 
shortening of the Ni-Ccarbene bond distances is observed {10d [1.879(2) Å] and 10e 
[1.881(3) Å]}. The Ni-N bond distances amounting to 1.876(2) Å in 10d and 1.889(3) Å 
in 10e, respectively, are notably elongated as compared to their trans counterparts, owing 
to the stronger trans influence of the carbene ligands. The carbene ring planes are twisted 
away from the NiC2N2 plane with the dihedral angles of 70.2 for 10d and 63.7 for 10e, 
respectively. As shown in the Figure 3.6, the unsymmetrically substituted carbene ligands 
in 10e are in sterically favored cis-anti arrangement. The N=C=S ligands in complexes 
10a-e have an essentially linear arrangement with angles of 178.9-179.1. 
3.2.2 Catalytic studies in the Kumada-Corriu reaction. 
The coupling reaction between aryl Grignard reagent and aryl halide, known as 




construction of a variety of biaryls, terphenyls and oligoaryls. Another important aspect is 
that besides palladium complexes, the reaction can also be catalyzed by less expensive 
nickel complexes. The catalytic cycle of the coupling reaction catalyzed by a Ni(II) 
complex is depicted in Figure 3.7. The key step is the formation of active Ni(0) species 
from Ni(II) complex. Transmetalation reaction of Grignard reagent with dihalonickel 
catalyst [NiX2L2] affords the corresponding diorganonickel intermediate [NiR2L2], which 
subsequently undergoes reductive elimination to form R-R and the [Ni0L2] species. 
Oxidative addition of aryl halides on Ni(0) would lead to the formation of [NiRXL2] 
complex, which undergoes transmetalation reaction with Grignard reagent and 
subsequently forms the mixed diorganonickel complex [NiRR’L2]. After trans to cis 
isomerization, the latter undergoes reductive elimination to afford the corresponding 
coupled product R-R’ and the catalytically active Ni(0) species is regenerated.  
 




The mixed diisothiocyanato-bis(carbene) Ni(II) complexes (10a-e) have been tested 
for their performance in the Kumada-Corriu coupling reaction. Initially, catalytic                      
screening was carried out for the coupling reaction of p-tolyl magnesium bromide with 4-
bromoanisole at ambient temperature in THF for 12 h with 1 mol-% catalyst loading. The 
trans complexes 10a-c are moderately active for the coupling of deactivated substrate and 
give rise to isolated product yields of 45-49% (Table 3.2). Better yields of 61 and 55% 
were obtained for reactions catalyzed by complexes 10d and 10e. In order to compare the 
performance of dihalo and diisothiocyanato complexes, the catalytic activity of the trans-
dibromo-bis(1,3-diisopropylbenzimidazolin-2-ylidene) nickel(II) (C) was also tested for 
the coupling of same substrates under identical reaction conditions. The trans complex C 
couples 4-bromoanisole with p-tolylMgBr in only 28% yields. Notably, its isothiocyanato 
analogue 10a afforded a better yield of 47%. 







Entry[a] Catalyst Yield [%][b]  Entry[a] Catalyst Yield [%][b] 
1 10a 47  4 10d 61 
2 10b 45  5 10e 55 
3 10c 49  6 C 28 
[a] Reaction conditions generally not optimized. [b] Isolated yields from the average of two runs.     
 
Among the five new complexes, 10d shows the best activity and hence, screening 
of further substrates was subsequently carried out with 1 mol-% of 10d. The reaction 
time was increased from 12 h to 24 h in hope to get higher yields. The results for the 




time, better yields of 83 and 87% were obtained for the coupling of deactivated substrates 
such as the 4-bromoanisole and 3,5-dimethyl-1-bromobenzene with p-tolylMgBr 
(entry 4 and 5). Likewise, more than 90% yield was obtained for the coupling of 
activated and neutral aryl bromides (entry 1-3). Heteroaryl compounds like 3-
bromothiophene and 3-bromopyridine can also be coupled with p-tolylMgBr in 
satisfactory yields of 87 and 89%, respectively (entry 6 and 7). A moderate yield of 55% 
was obtained for the coupling of 2-(4-bromophenly)benzimidazole, which has a N-H 
function (entry 8). Finally, complex 10d can also be used for the coupling aryl and 
heteroaryl chlorides with p-tolylMgBr with 82 
and 49% yields (entry 9 and 10), respectively. 
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3.3 Homoleptic tetracarbene and cis-chelating di(carbene) complexes 
of nickel(II) 
  
Encouraged by the catalytic activity of cis-diisothiocyanto-bis(carbene) nickel 
complex (10d) discussed in the previous section, attempts was made to synthesize a cis-
chelating di(carbene) complex of Ni(II), which is expected to be more active as a 
precatalyst due to the stability provided by chelating ligand.58 In this regard, ligand 
precursors derived from methylene, ethylene and propylene bridged dibenzimidazolium 
salts were chosen for the direct comparison of their bridge length on the complex 
formation and in catalysis. 
3.3.1 Synthesis and characterization of ligand precursor 
The methylene- and ethylene-bridged dibenzimidazolium salts [MeCCmethH2]Br2 
(11a) and [MeCCethH2]Br2 (11b) were synthesized according to a reported procedure.58 
The propylene bridged ligand [MeCCpropH2]Br2  (11c) has been prepared by reacting two 
equiv. of 1-methyl benzimidazole with one equiv. of 1,3-dibromopropane in CH3CN for 
24 h at 80 C and was isolated as a white powder in a yield of 89% (Scheme 3.6). The 
formation of 11c was confirmed by a downfield signal at 9.92 ppm in the 1H NMR 
spectrum and a base peak at m/z = 153 in the positive mode of the ESI mass spectrum, 















Scheme 3.6. Synthesis of propylene bridged dibenzimidazolium salt 11c. 
 
3.3.2 Synthesis and characterization of Ni(II) complexes 
Synthesis of nickel carbene complexes was carried out in analogy to the procedure 
reported for trans-dihalo-bis(carbene) nickel complexes.48 The reaction of methylene-
bridged dibenzimidazolium salt 11a with anhydrous Ni(OAc)2 in tetrabutylammonium 
bromide (TBAB) was carried out at 160 C for 12 h under vacuum. However, the 
formation of cis-chelating di-halo-di(NHC) complexes was not observed. Instead, the 
reaction yielded the tetracarbene complex [Ni(MeCCmeth)2]Br2 (12a) as a white powder 
(Scheme 3.7). The tetracarbene complex 12a is soluble in polar organic solvents such as 
DMSO, MeOH and EtOH (sparingly), but proves insoluble in water and other common 
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The positive mode ESI mass spectrum of 12a shows a base peak at m/z = 305 with 
an isotopic peak difference of 0.5 mass units indicative of the bis(chelate) ion 
[Ni(MeCCmeth)2]2+. A less intense isotopic envelope for the fragment [Ni(MeCCmeth)2 + Br]+ 
is also observed at m/z = 691 (Figure 3.8). Its 1H NMR spectrum in DMSO-d6 is rather 
simple showing two doublets and two pseudo-triplets for the aromatic protons of the 
carbene ligands. As reported for imidazole- and triazole-derived analogues, the protons 
for the methylene bridge are diastereotopic and shifted to lower field ( = 7.65 and 
7.59 ppm) upon coordination to the metal center. The carbene signal is found at 183 ppm, 
which is as expected more downfield compared to those found for the corresponding 
imidazoline- and triazoline-derived analogues (170-174 ppm).11b,60b  
 




















X-ray diffraction on single crystals obtained by slow evaporation of a concentrated 
MeOH solution finally confirmed the identity of 12a as a dicationic bis(chelate) complex 
and its molecular structure is depicted in Figure 3.9. The asymmetric unit contains half of 
the dication, one bromide and a quarter water molecule. The essentially square planar 
dication of 12a adopts a trans double-boat conformation with Ni-Ccarbene distances of 
Ni1-C1 = 1.891(6) Å and Ni1-C17 = 1.906(6) Å, which are in the same range as those 
found in the direct imidazolin-2-ylidene analogue.60b  
 
 
Figure 3.9. Molecular structure of the bis(chelate) complex dication of 12a·0.5H2O 
showing 50% probability ellipsoids; hydrogen atoms, two bromide counter anions and 
half a water molecule are omitted for clarity. Selected bond lengths [Å] and angles [deg]: 
Ni1-C1 1.891(6), Ni1-C17 1.906(6), N1-C1 1.361(7), N2-C1 1.365(7), N2-C9 1.456(7), 
N3-C9 1.443(7), N3-C17 1.362(8), N4-C17 1.364(8); C1-Ni1-C17 86.6(2), C1A- Ni1-
C17 93.4(2), C1-Ni1-C17A 93.4(2), C1A-Ni1-C17A 86.6(2), N1-C1-N2 105.1(5), N3-
C17-N4 105.3(5). 
 
The commonly observed perpendicular orientation of the carbene ring planes with 




bridge resulting in dihedral angles of 43.33° and 43.47°, respectively. The Pt(II) complex 
with a macrocyclic tetracarbene ligand of crown-ether topology reported by Hahn et al.82 
is perhaps the closest comparator bearing C1-bridged benzimidazolin-2-ylidene ligands. 
In this complex, the four C1-bridges force the carbene planes to be almost coplanar to the 
MC4 coordination plane (max. angle 15.6°). 
To determine whether the bridge-length has any influence on the formation of 
bis(chelate) versus monochelate complexes we attempted the reaction of 
dibenzimidazolium salts [MeCCethH2]Br2 (11b) and [MeCCpropH2]Br2 (11c) bearing simple 
C2 and C3 alkyl bridges with Ni(OAc)2 under the same conditions. However, salt 11b did 
not readily react and only traces of the corresponding monochelate [NiBr2(MeCCeth)] 
could be identified by ESI mass spectrometry at m/z = 507. Extension of the reaction time 
to 18 h also proved unsuccessful, and in all cases mainly unreacted salt precursor was 
reisolated. The difficulty in directly converting ethylene brigded diazolium halides to the 
corresponding chelating metal-dicarbene complexes has also been observed for 
palladium.60a,83 Attempts to synthesize the desired complex by Ag-NHC transfer method 
were also unsuccessful and led to insoluble mixtures, which hampered proper 
characterization. It is likely that these insoluble mixtures contain coordination polymers. 
Interestingly, reaction with salt precursor 11c afforded the neutral monochelate 
complex [NiBr2(MeCCprop)] (12c) as a greenish yellow solid soluble in DMSO, DMF, 
MeCN, CH2Cl2, sparingly soluble in CHCl3, MeOH, EtOH and insoluble in water, THF, 
hexane, diethyl ether, toluene, and ethyl acetate. Its positive mode ESI mass spectrum is 
dominated by isotopic patterns centered at m/z = 393 and m/z = 363 for the monochelate 




both bromo ligands in 12c corroborating the strong trans effect of dibenzimidazolin-2-
ylidene ligand. On the other hand, ions indicative of bis(chelate) complexes have not 
been observed. The 1H NMR spectrum in DMSO-d6 is rather simple and shows broad 
signals. Resonances at 5.96 and 5.02 ppm for the NCH2 and 2.73 and 1.95 ppm for the 
CH2 groups are in accordance with the diastereotopy of the propylene-bridge protons 
upon coordination. The 13C NMR data also supports the formation of 12c, although the 




Figure 3.10. Molecular structure of the monochelate complex 12c·DMF showing 50% 
probability ellipsoids; hydrogen atoms and a DMF solvent molecule are omitted for 
clarity. Selected bond lengths [Å] and angles [deg]: Ni1-C1 1.863(7), Ni1-C12 1.855(8), 
Ni1-Br1 2.4149(11), Ni1-Br2 2.4287(12), N1-C1 1.356(9), N2-C1 1.360(9), N3-C12 
1.363(10), N4-C12 1.343(9); C1-Ni1-C12 86.4(3), C1-Ni1-Br1 87.9(2), C12-Ni1-Br2 
88.5(2), Br1-Ni1-Br2 97.41(4), N1-C1-N2 106.4(6), N4-C12-N3 106.7(7). 
 
To confirm the identity of 12c, single crystals were obtained by vapour diffusion of 
diethyl ether into a DMF solution of the complex, which were subjected to X-ray 




shows a square-planar Ni(II) center coordinated by the cis-chelating dicarbene ligand and 
two bromo ligands, which are balancing the charges. As expected, the Ni-Ccarbene 
distances of 1.863(7) and 1.855(8) Å are shorter than those in the bis(chelate) 12a. The 
Ni-Br bond lengths of 2.4149(11) and 2.4287(12) Å, respectively, are substantially longer 
than those found in the diphosphine analogue [NiBr2(dppe)] (2.3205-2.3419 Å)84 
suggesting a superior trans influence of the dibenzimidazolin-2-ylidene over the dppe 
ligand. Compared to complex 12a, the dihedral angle between the carbene and the 
NiBr2C2 coordination planes have significantly increased to 81.08° and 84.07°, 
respectively, due to the more flexible propylene bridge. The bite angle of the ligand, 
however, remains almost unchanged going from methylene to propylene linker [86.6(2)° 
for 12a and 86.4(3)° for 12c]. This phenomenon has also been noted for Pd(II) complexes 
of dibenzimidazolin-2-ylidenes.85 The preference for the formation of mono-chelate 12a 
is possibly due to the lower stability of its 8-membered compared to the 6-membered 
metallo-cycle in bis(chelate) 12a.  
With the successful isolation of mono-chelate 12c we studied its possible 
autoionization behavior in solution. For this purpose a sample of 12c was dissolved in 
DMSO-d6 and monitored by 1H NMR spectroscopy over 45 days. Only after ~day 10 
new signals emerged, slowly gaining intensity until they became the major resonances 
after ~day 40. These signals were tentatively assigned to the dicationic bis(chelate) and 
some minor unidentified decomposition products. The positive mode ESI mass spectrum 
of this sample after 45 days shows a dicationic base peak at m/z = 333 corroborating the 
formation of the bis(chelate) [Ni(MeCCprop)2]2+. Isotopic patterns arising from 12c, on the 







Figure 3.11. ESI MS spectra showing autoionization of 12c. 
3.3.3 Catalytic studies of complex 12c in Kumada-Corriu catalysis 
Complex 12c was tested for its performance in the nickel-catalyzed Kumada-Corriu 
reaction. The coupling of aryl halides with aryl-magnesium reagents at ambient 
temperature in THF with 1 mol-% catalyst loading and a reaction time of 12 h was 
chosen as a standard test reaction. The results summarized in Table 3.4 show that 12c is 
generally very active in the coupling of both activated and deactivated aryl bromides 
giving rise to isolated product yields of >70%. Simple aryl chlorides also afford 


























like 3-bromopyridine and 3-bromothiophene can also be conveniently coupled with 
yields of 78-85% (entries 5/6/15/16). Likewise, 2,5-dibromopyridine affords the 
corresponding doubly-coupled product in a good yield of 71% (entry 7). The coupling of 
the sterically bulky and deactivated substrate 1-bromo-2,6-dimethoxybenzene turned out 
to be more difficult giving a moderate yield of 58% (entry 18). A similar result was also 
obtained with the more elaborate substrate 2-(4-bromophenyl)benzimidazole bearing a N-
H function (59%, entry 19). Finally, the coupling of 2-chloro-pyridine gave the lowest 
yield of 43% in this comparative study (entry 8). The catalytic activity of the tetracarbene 
complex 12a was also tested in order to compare its performance to that of cis-chelating 
complex 12c. The former could couple bromobenzene, 4-bromobenzonitrile and 4-
bromoanisole with p-tolylMgBr in yields of 88, 76 and only 60%, respectively. Notably, 
complex 12c gave in general better yields in analogous reactions (entries 1,3,4,11,13). 
The catalytic activity of complex 12c with a cis-chelating benzannulated dicarbene ligand 
is also superior to that of trans-dihalo-bis(carbene) nickel (D) and diisothiocyanato-
bis(carbene) nickel complexes (10a-e) discussed in the previous section. Moreover, a 
much better activity is observed for 12c as compared to the trans-bis(carbene) complex 
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Chapter 4. Au(I) and Au(III) complexes of 1,3-diisopropylbenz 
-imidazolin -2- ylidene  
 
Several protocols are available for the synthesis of carbene complexes of Au(I), 
namely cleavage of electron rich olefins,87 reactions of azolium salts or free NHCs with 
Au(I) precursors,88 carbene transfer from group 6 carbonyl complexes,89 and protonation 
or alkylation of gold azolyl complexes.90 A facile and more general method involving a 
transmetalation reaction of Ag(I) carbene species with Au(I) precursors has been 
developed by Lin et al.27  Due to the advantages of this method including mild reaction 
conditions and shorter reaction times, this silver carbene transfer method is used to 
synthesize a Au(I) complex. 
 
4.1 Synthesis of monocarbene and bis(carbene) Au(I) complexes 
 
Ni(II), Pd(II) and Pt(II) complexes of the sterically bulky 
1,3-diisopropylbenzimidazolin-2-ylidene ligand (iPr2-bimy) have been reported by Huynh 
et al., which exhibits unusual anagostic (or preagostic) C-H···M interactions.38b,48b,91 
Accordingly, attempts were made to synthesize a Au(I) complex bearing iPr2-bimy 
ligand. The corresponding complex [AuCl(iPr2-bimy)] (13)92 has been prepared by 
treating [AuCl(SMe2)] with in situ generated Ag-NHC species, which in turn was 
obtained by mixing ligand precursor 1,3-diisopropylbenzimidazolium bromide (H)93 and 
Ag2O in a 2:1 molar ratio (Scheme 4.1). An instantaneous precipitation of AgBr is 


























Scheme 4.1. Synthesis of mono and bis(carbene) Au(I) complexes. 
Its 1H and 13C NMR spectra show the expected signals with the carbenoid carbon 
resonating at 175.8 ppm. The signal for the isopropyl C-H proton (5.48 ppm), which has 
been reported to be involved in anagostic (or preagostic) C-H···M interactions to d8 metal 
centers such as Ni(II), Pd(II) and Pt(II) exhibits only a small downfield shift of  = 0.27 
ppm compared to the salt precursor H. Since a large downfield shift (e.g.  > 0.6 ppm) 
is indicative of such C-H···M interactions, it is apparent that the d10 metal center in 13 
does not favor these.  
 
Figure 4.1. Molecular structure of 13 showing 50% probability ellipsoids. Hydrogen 
atoms have been omitted for clarity. Selected bond lengths [Å] and angles []: Au1-C1 






Complex 13 has been further characterized by X-ray diffraction on single crystals 
obtained by slow evaporation of a concentrated mixed toluene/CH2Cl2 solution. The 
molecular structure of 13 depicted in Figure. 4.1 confirms its identity as a linear 
monocarbene Au(I) complex with common Au-Ccarbene and Au-Cl bond lengths of 
1.973(7) and 2.3053(15) Å, respectively. No aurophilic interactions have been observed 
in the solid state structure of complex 13, which is most likely due to the steric bulk of 
the carbene ligand. 
Complex 13 was subsequently transformed into the bis(carbene) complex [Au(iPr2-
bimy)2]BF4 (14) by reacting with 1,3-diisopropylbenzimidazolium tetrafluoroborate (I) in 
the presence of K2CO3 in acetone. To obtain good yields of the bis(carbene) complex it is 
crucial that azolium salts with non-coordinating anions (here BF4- ) are employed in this 
halo-substitution reaction.66 When salt precursor H is used instead, a mixture of neutral 
mono- and cationic bis(carbene) Au(I) complexes was obtained. Complex 14 was isolated 
as a white powder in 80% yield (Scheme 4.1). It is soluble in polar organic solvents and 
insoluble in non-polar solvents like diethyl ether, hexane and toluene. Noteworthy, this 
reaction can be conveniently carried out under aerobic conditions and no decomposition 
to metallic gold was observed. Compared to the 1H NMR signals of 13, those of complex 
14 remain largely unaffected upon coordination of an additional NHC ligand. The septet 
for the isopropyl C-H protons is observed at 5.34 ppm, which is slightly shifted upfield 
by 0.14 ppm compared to 13. This upfield-shift is indicative of a free rotation of the N-
isopropyl group in the absence of C-H···M interactions. The resonance for the carbenoid 
carbon atoms at 187.4 ppm, on the other hand, is significantly downfield shifted by 




due to the coordination of an additional strong -donor.94 The formation of complex 14 
was further supported by positive mode ESI mass spectrometry, which shows a base peak 
at m/z = 601 corresponding to the [M  BF4]+ fragment. 
 
 
Figure 4.2. Molecular structure of 14 showing 50% probability ellipsoids. Hydrogen 
atoms and BF4- anion have been omitted for clarity. Selected bond lengths [Å] and 
angles []: Au1-C1 2.018(4), Au1-C14 2.028(4), C1-N1 1.351(5), C1-N2 1.356(5), C14-
N3 1.349(5), C14-N4 1.352(2); C1-Au1-C14 175.62(14), N1-C1-N2 106.5(3), N3-C14-
N4 107.2(3). 
 
Single crystals of complex 14 were obtained by slow evaporation of a concentrated 
THF solution and subjected to X-ray diffraction analysis. The essentially linear structure 
[C1-Au1-C14: 175.62(14)°] of the complex-cation in 14 is depicted in Figure 4.2. One of 
the isopropyl C-H protons is oriented away from the metal center corroborating the 
absence of any C-H···M interactions, which has also been found by 1H NMR 
spectroscopy in solution. The Au1-C1 and Au1-C14 distances of 2.018 and 2.028 Å, 
respectively, are in good agreement with the previously reported values.66 The two 




neither aurophilic nor notable π-π interactions were observed in the solid state structure 
of complex of 14.  
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Scheme 4.2. Synthesis of bis(carbene) Au(III) complex 15. 
 
Generation of Au(III) carbene complexes by direct reaction of free carbenes with 
AuCl3 have been reported to give mainly metallic gold along with the decomposition of 
the carbene and formation of Au(I) carbene complexes as a minor product.63d This 
observation is not surprising since the Au(III) cation is known for its strong oxidizing 
nature.95 A more convenient and milder pathway is the oxidative addition to more readily 
available Au(I)-NHC complexes.63d,96 Thus, the electron rich bis(carbene) complex 14 
was treated with slight excess of elemental iodine to give trans-[AuI2(iPr2-bimy)2]BF4 
(15) as a reddish-orange powder in 92% yield (Scheme 4.2). This oxidative addition 
reaction is straightforward and does not require the exclusion of air and moisture. The 
Au(III) complex 15 is soluble in most common organic solvents with the exception of 
non-polar ones such as hexane, diethyl ether and toluene. The 1H NMR spectrum of 15 
shows a septet at 5.06 ppm for the C-H isopropyl protons, which is even more highfield 




anagostic interactions. Noteworthy, the latter have been commonly observed in 
isostructural and isoelectronic complexes of group 10 metals bearing the same 
ligand.38b,48b,91 Apparently, the higher Lewis acidic nature (higher oxidation state) of the 
metal center in complex 15, which is also corroborated by an upfield shift of the signal 
for the carbenoid carbon to 150.9 ppm [176.5 ppm for Pt(II) and 180.0 ppm for 
Pd(II)],38b,91 does not support such interaction. However, the carbene carbon chemical 
shift is within the reported range for Au(III) carbene complexes of imidazolium 
analogues.63d,96 The formation of complex 15 is further supported by its ESI mass 
spectrum, which shows an isotopic envelope at m/z = 849 corresponding to the [M  
BF4]+ fragment.  
The identity of 15 has finally been unambiguously confirmed by X-ray diffraction 
analysis on single crystals obtained from a concentrated dichloromethane solution. The 
molecular structure of the complex cation in 15 is shown in Figure 4.3.The coordination 
geometry around the four-coordinated Au(III) center is as expected square-planar with 
the two carbene ligands trans to each other. The C1-Au1-C8 and I1-Au1-I2 bonds are 
almost linear with angles 178.7(4) and 179.37(3)°, respectively. The two carbene ring 
planes are exactly perpendicular to the AuC2I2 coordination plane with a dihedral angle 
of 90° due to symmetry. The Au-Ccarbene bonds of 2.048(9) Å, and the Au-I bonds of 
2.6106(7) and 2.6017(6) Å, respectively, are non-exceptional and in good agreement with 
those found in other Au(III)-NHC complexes.63d,96 As observed for complex 13 and 14, 






Figure 4.3. Molecular structure of 15·CH2Cl2 showing 50% probability ellipsoids. 
Hydrogen atoms, BF4- anion, and the solvent molecule have been omitted for clarity. 
Selected bond lengths [Å] and angles []: Au1-C1 2.048(9), Au1-C8 2.048(9), Au1-I1 
2.6106(7), Au1-I2 2.6017(6), C1-N1 1.326(8), C8-N2 1.336(7); C1-Au1-C8 178.7(4), I1-
Au1-I2 179.37(3), C1-Au1-I2 90.5(3), C1-Au1-I1 90.2(3), C8-Au1-I1 91.2(2), C8-Au1-
I2 88.2(2). 
  
4.3 Electronic Properties of complexes 13-15 
 
The electronic absorption spectra of complexes 13-15 were measured in 
dichloromethane solution. All complexes exhibit an intense absorption band at 
230-290 nm, which is very similar in position and band shape to their carbene precursor 
H. Therefore, these bands can be assigned to -* aromatic intraligand transitions. In 
addition, complex 15 shows a slightly broad band at 365 nm with a molar absorption 
coefficient amounting to  = 9528 mol-1dm3cm-1 (Figure  4.4). This band possibly arises 
from LMCT of the iodo ligands to the Au(III) metal center.  
Furthermore, the three complexes were investigated for their luminescence 
properties. The solid state emission spectra were recorded at room temperature. Complex 
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Figure 4.4. Normalized absorption spectra of complexes 13 (10-6 M), 14 (10-6 M) and 15 
(210-5 M) recorded at RT in CH2Cl2 solutions.  
 


















Complex 15, on the other hand, exhibits some luminescent properties even at room 
temperature despite the absence of any aurophilic interactions. Upon excitation at 
390 nm, it displays an emission band at 580 nm (Figure 4.5). Again this band is most 
likely to arise from charge transfer of the iodo ligands to the Au(III) metal center 
(LMCT). This is expected since iodo ligands are readily oxidizable and Au(III) is a 





















Chapter 5. Synthesis of Pd(II), Au(I) and Rh(I) complexes of 
indazolin-3-ylidenes  
 
The activity of NHCs and their metal complexes in organo- and organometallic 
catalysis is attributed to their very strong -donor ability and nucleophilicity. Indazole 
can be a potential precursor to prepare more donating carbenes as the procarbene carbon 
is adjacent to only one N atom. The chemistry of indazole and their derivatives are of 
considerable interest due to the broad variety of biological activities.98 A few examples of 
natural products possessing an indazole ring have also been reported.99 In particular, 
Schmidt and co-workers have made a significant contribution to indazole chemistry.100 
They also have reported the formation of 1,2-disubstituted indazolin-3-ylidene by 
decarboxylation of the corresponding indazolin-3-carboxylates although the former could 
not be isolated.  
 
5.1 Synthesis of ligand precursors 
 
1,2-Dimethylindazolium iodide (16a) have been synthesized previously by Schmidt 
et al. by protonation of 1,2-dimethylindazolin-3-ylidene, which was obtained through 
decarboxylation of the corresponding 1,2-dimethylindazolin-3-carboxylates.100a In this 
work, indazolium salt 16a and 1,2-diethylindazolium iodide (16b) as well as 1,2-
diethylindazolium bromide (16c) have been prepared by a procedure, which is commonly 
followed to obtain benzimidazolium salts. The reaction of indazole and the corresponding 
alkyl halides in the presence of NaOH afforded the ligand precursors (16a-c) in moderate 




corroborated by a characteristic downfield signal in their 1H NMR spectra at 9.22 ppm 
(16a), 9.65 ppm (16b) and 9.80 ppm (16c), respectively, for the proton attached to the C3 
carbon. In the 13C NMR spectra, the signal for the procarbene carbon is resonating at 
141.3, 140.9, and 140.6 ppm, respectively, 16a-c. Furthermore, the ESI mass spectra of 
16a-c are dominated by [M – X]+ fragment peaks at m/z = 147 (16a) and m/z = 175 (19b 












16a  R = Me, X = I
16b  R = Et, X = I









Scheme 5.1. Synthesis of indazolium salts 16a-c. 
 
5.2 Synthesis of transition metal complexes 
 
After the successful synthesis of salt precursors, metalation reaction was performed 
with salts 16a/b and Pd(OAc)2 in DMSO at 70 C. However, the reaction did not yield 
the expected bis(carbene) Pd(II) complexes. Instead, dimeric Pd(II) monocarbene 
complexes have been isolated, which are probably kinetically favored products. In order 
to drive the reaction towards thermodynamically favored mononuclear bis(carbene) 
complexes, the temperature of the reaction was increased. However, only Pd black was 
observed upon increasing the temperature to >75 C. Hence, the reaction conditions were 




precursors with Pd(OAc)2 and subsequently adding NaI to provide additional iodo 
ligands. The novel dimeric Pd(II) complexes 17a/b have been obtained as orange red 








ii. 4 eq NaI
DMSO







16a  R = Me
16b  R = Et
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Scheme 5.2. Synthesis of dimeric Pd(II) complexes 17a/b. 
 
The formation of the complexes has been confirmed from the 1H NMR spectra of 
17a/b by the disappearance of a downfield signal characteristic for the protons attached 
to the C3 carbon in the ligand precursors. In their 13C NMR spectra, the signal for the 
ylidene carbon is observed at 148.8 (17a) and 153.5 ppm (17b), which is in line with 
those reported for benzimidazolin-2-ylidene analogues bearing an essentially isomeric 
backbone.93 Their formation has also been confirmed by ESI-MS, which shows isotopic 
envelopes at m/z = 1036 (17a) and 983 (17b) for [M + Na]+ and [M – I + CH3CN]+ 
cations. 
The dimers 17a/b are readily cleaved by ligands such as PPh3 and therefore serve as 
excellent precursors for the synthesis of mixed carbene/co-ligand complexes. Such 
complexes derived from imidazole, imidazoline, benzimidazole and pyrazole ligands 
have proven to be catalytically beneficial.101 The reaction of 17a/b with two equiv. of 




yellow powders in good yields (Scheme 5.3). 31P NMR chemical shifts observed at 26.4 
ppm (18a) and 27.0 ppm (18b) are suggesting a successful coordination of the PPh3 co-
ligands. The 1H NMR spectra of 18a/b are not much affected and do not need further 
explanations. However, analysis by 13C NMR spectroscopy was hampered by the poor 
solubility of 18a/b. The formation of the complexes 18a/b is further corroborated by ESI 
mass spectrometry, which shows base peaks at m/z = 811 (18a) and 700 (18b) for [M + H 
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Scheme 5.3. Synthesis of Pd(II) complexes 18a/b and 19a/b. 
 
In order to characterize the complex unambiguously, single crystals of 18b suitable 
for X-ray diffraction studies were obtained by slow evaporation of concentrated CH2Cl2 
solution. The molecular structure of 18b depicted in Figure 5.1 confirms the identity as 
square planar complex, in which the NHC and phosphine ligands are cis to each other. 
The Pd1-C1 and Pd1-P1 bond lengths of 1.993(5) and 2.2812(14) Å are in the expected 
range.93 Furthermore, the Pd1-I2 bond trans to the carbene [2.6490(6) Å] is slightly 
longer than Pd1-I1 bond trans to the phosphine [2.6294(6) Å], confirming a slightly 
stronger trans influence of the carbene ligand over PPh3. The carbene ring plane is 
oriented almost orthogonally to the PdCPI2 coordination plane with a dihedral angle of 




presumably due to the “transphobia effect” a term proposed by Vicente and co-workers102 
for the difficulty of placing a phosphine ligand trans to carbon donors such as aryl, aroyl 
and carbene ligands91,93 ,101d in Pd complexes. 
 
 
Figure 5.1. Molecular structure of 18b showing 50% probability ellipsoids. Hydrogen 
atoms have been omitted for clarity. Selected bond lengths [Å] and angles []: Pd1-C1 
1.993(5), Pd1-P1 2.2812(14), Pd1-I1 2.6294(6), Pd1-I2 2.6490(6); C1-Pd1-P1 89.82(16), 
C1-Pd1-I1 85.87(16), C1-Pd1-I2 174.89(4). 
 
  In order to improve the solubility of mixed carbene/PPh3 complexes iodo-
carboxylato exchange was carried out through metathesis of 18a/b with AgO2CCF3 in 
CH3CN giving the trifluoroacetato complexes 19a/b in good yields as off-white solids 
(Scheme 5.3). As anticipated, these compounds have improved solubility allowing for the 
characterization by 13C NMR spectroscopy. Due to C-P coupling, the carbenoid atoms 




8.23 Hz, 19b], respectively. They are downfield-shifted compared to those of the 
corresponding dimers 17a/b. Slightly broadened 19F NMR signals at 2.55 ppm (19a) and 
2.21 ppm (19b) corroborate the presence of the trifluoroacetato ligands. The 31P NMR 
signals at 28.0 ppm (19a) and 27.7 ppm (19b) are very similar to those of their precursors 
indicating the retention of the cis-configuration upon iodo-trifluoroacetato exchange. 
Furthermore, the ESI mass spectra of 19a/b are dominated by [M – O2CCF3]+ fragment 
peaks at m/z 627 (19a) and 655 (19b) due to loss of one trifluoroacetato ligand. 
 
 
Figure 5.2. Molecular structure of 19a showing 50% probability ellipsoids. Hydrogen 
atoms have been omitted for clarity. Selected bond lengths [Å] and angles []: Pd1-C1 
1.959(2), Pd1-P1 2.2429(5), Pd1-O1 2.0953(15), Pd1-O3 2.0919(16); C1-Pd1-P1 
87.52(6), C1-Pd1-O1 90.29(7), C1-Pd1-O3 171.49(7). 
Finally, the solid state structure of 19a confirms the cis arrangement found in 
solution (Figure 5.2). As expected, a Pd center adopts a square planar geometry. The Pd1-
C1 and Pd1-P1 bond lengths of 1.959(2) and 2.2429(5) Å are slightly shorter than those 




Pd(II) complexes, the pendent oxygen atoms of the two trifluoroacetato ligands in 19b 







16a  R = Me, X = I
16b  R = Et, X = I
16c  R = Et, X = Br





























22  R = Me, L  L = cod
Cl
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i. Ag2O, 6 h
ii. [AuCl(SMe2)]
 
Scheme 5.4. Synthesis of complexes 20-22. 
 
Another attempt was made to prepare mononuclear bis(carbene) complex through 
transmetalation method by treating salt 16c with Ag2O and subsequently adding the 
corresponding Ag-carbene complex to [PdBr2(CH3CN)2] complex. However, only 
dimeric Pd(II) complex (20) was isolated in 77% yield (Scheme 5.4). Notably, no 
bis(carbene) species were observed even in trace amounts. The 1H NMR spectrum of 20 
is very similar to its iodo analogue 17b. However, compared to its iodo analogue 17b, the 




The dimeric structure of 20 was also corroborated by X-ray diffraction studies of 
single crystals obtained by slow evaporation of concentrated CH2Cl2 solution (Figure 
5.3). Each of the two Pd(II) atoms is bonded to one carbene, one terminal bromo, and two 
bridging -bromo ligands. The carbene ligands are oriented anti to each other due to a 
crystallographic inversion center. The Pd1-C1 bond lengths amount to 1.938(8) Å, which 
is in the same range observed for benzimidazole analogues. The carbene ring planes are 
almost perpendicular to the Pd2C2Br4 coordination plane with a dihedral angle of 76.5. 
  
 
Figure 5.3. Molecular structure of 20 showing 50% probability ellipsoids. Hydrogen 
atoms have been omitted for clarity. Selected bond lengths [Å] and angles []: Pd1-C1 
1.938(8), Pd1-Br1 2.4471(13), Pd1-Br2 2.3943(13); C1-Pd1-Br1 175.8(2), C1-Pd1-Br2 
89.3(2). 
 
The versatility of the indazolin-3-ylidene ligand is further demonstrated through 
transmetalation of silver carbene complexes to [AuCl(SMe2)] and [RhCl(cod)]2 yielding 
Au(I) (21) and Rh(I) (22) complexes in high yields (Scheme 5.4). The carbenoid signal in 




complex.92 The molecular structure depicted in Figure 5.4 shows the linear structure of 
21. The Au-C and Au-Cl bond distances of 1.977(3) and 2.2925(8) Å are within the range 
observed for other NHC-Au(I) complexes.92 However, no aurophilic interaction is 
observed in the solid state for complex 21.  
 
 
Figure 5.4. Molecular structure of 21 showing 50% probability ellipsoids. Hydrogen 
atoms have been omitted for clarity. Selected bond lengths [Å] and angles []: Au1-C1 
1.977(3), Au1-Cl1 2.2925(8); C1-Au1-Cl1 178.82(9). 
 
In the 1H NMR spectrum of 22, broad signals are observed for the protons in the 
cod ligand probably due to the fluxional nature of the cod. In the 13C NMR spectrum, a 
doublet at 194.1 ppm was observed for the carbene carbon due to Rh1-C1 coupling. The 
identity of 22 was also confirmed by single crystal X-ray analysis revealing Rh1-C1 
[2.006(3) Å] and Rh-Cl [2.4127(7) Å] bond lengths in the expected range (Figure 5.5).103 
The Rh-Ccod bond trans to the carbene is slightly elongated due to the stronger trans 




Å] trans to the carbene as compared to C14=C15 bond distance [1.409(4) Å] that is trans 
to the chloro ligand. 
 
 
Figure 5.5. Molecular structure of 22 showing 50% probability ellipsoids. Hydrogen 
atoms have been omitted for clarity. Selected bond lengths [Å] and angles []: Rh1-C1 
2.006(3), Rh1-Cl1 2.4127(7), Rh1-C10 2.193(3), Rh1-C11 2.215(3), Rh1-C14 2.108(3), 
Rh1-C15 2.091(3); C1-Rh1-Cl1 88.61(8), C1-Rh1-C10 159.61(12), C1-Rh1-C11 
163.83(12), C1-Rh1-C14 89.88(12), C1-Rh1-C15 91.79(11). 
 
5.3 Evaluation of donor strength of indazolin-3-ylidene ligands  
 
The strong -donor ability of NHCs over phosphines have made the former popular 
ligands in organotransition metal chemistry and catalysis. The evaluation of 
stereoelectronic effects of phosphines pioneered by Tolman has made major impact on 
their use as ancillary ligands in catalysis.104 Similarly, the -donating properties of 
carbenes are generally determined by measuring the CO IR stretching frequencies in low 
valent mixed NHC-carbonyl complexes such as [Ni(CO)3(NHC)]105 or [MX(CO)2(NHC)] 




back-donation to CO is directly related to the donor strength of the NHC. In this regard, 
compounds of type 22 offer access to Rh(I) dicarbonyl complexes, which can be used 
further to assess the donor properties of indazolin-3-ylidenes. In order to evaluate the 
impact of the halo-ligand and to facilitate a better comparison with reported examples, 
the corresponding iodo analogue 23 has been prepared by reacting 22 with NaI (Scheme 
5.5). In the 13C NMR spectrum of 23, a slight downfield shift of the carbenoid signal to 





































Scheme 5.5. Synthesis of Rh(I) complexes 23-25. 
 
Subsequently, the dicarbonyl complexes 24/25 have been prepared by passing CO 
through a CH2Cl2 solution of 22/23 (Scheme 5.5). Compared to their precursors 22/23, 
the carbenoid signals shift highfield to 179.6 ppm (24) and 179.2 ppm (25) indicating a 






Figure 5.6. IR spectra of complexes 24 and 25. 
 
However, it must be noted that some authors use average of CO stretching 
frequency values, whereas others prefer to choose the stretching frequency of the trans-
CO (~ asym) for the donor strength studies. Applying the latter method, 1,2-
dimethylindazolin-3-ylidene (1991 cm-1 for 24 and 25, Figure 5.6) can be regarded as one 
of the strongest donors among five-membered NHCs, and different halo ligands seem to 





Table 5.1. Comparison of trans-CO (~ asym) stretching frequencies in Rh(I)-CO 






















b c d e
f g h i  
L CO (~ asym) cm-1  L CO (~ asym) cm-1 
a, X = Cl 1991  e, X = I 2000 
a, X = I 1991  f, X = I 2001 
b, X = I 1993  g, X = I 2006 
c, X = I 1999  h, X = Cl 2006 
d, X = Cl 2000  i, X = I 2015 
IR stretching frequencies of CO in b-i are reported in the literature103   
 
On the other hand, comparison of the averaged stretching frequencies [2030 cm-1 
(24), 2026 cm-1 (25)], reveal distinct influences of different halo ligands. More 
importantly, the indazolin-3-ylidene ligand is determined to be a stronger donor than the 
1,2-dimethylpyrazolin-3-ylidene (2066, 1993 cm-1),103a although a benzannulation is 
expected to reduce the electron density due to the –I effect. 
Huynh et al. have noted that the Rh-CO probe fails to provide accurate results when 




range of organometallic and Werner type ligands has been reported by Huynh and co-
workers using 13C NMR spectroscopy. Using this method, the influence of different 
parameters, such as N-substitution, number of heteroatoms and back-bone variations of 
the ligands on the donor ability has been demonstrated. In this method, a range of trans-
[PdBr2(iPr2-bimy)(L)] (iPr2-bimy = 1,3-diisopropylbenzimidazolin-3-ylidene, L = ligand 
to be tested) complexes have been prepared by cleavage reactions of the dimeric Pd(II) 
benzimidazolin-2-ylidene complex [PdBr2(iPr2-bimy)]2 (J)93 by co-ligands (L). This 
enables the spectroscopic determination of the relative donor abilities of L by evaluating 
the carbene resonance of the constant iPr2-bimy ligand. For instance, the carbene signal of 
the iPr2-bimy ligand will be shifted more downfield if L is more donating, whereas a less 
donating ligand leads to a highfield shift.  
Hence, in order to obtain more accurate information on the donor ability of the new 
indazolin-3-ylidene ligand and to have a better comparison with pyrazole analogues, 
attempts were made to prepare hetero-bis(carbene) complexes trans-[PdBr2(iPr2-
bimy)(L)], in which L is 1,2-diethylindazolin-3-ylidene or 1,2-diethylpyrazolin-3-
ylidene. For this purpose, 1,2-diethylpyrazolium bromide (16d) has been prepared in 


















 A one-pot reaction of J, Ag2O and two equivalents of the co-ligand precursors 
(16c/d) in CH2Cl2 at ambient temperature yielded the desired hetero-bis(carbene) 
complexes trans-[PdBr2(iPr2-bimy)(L)] (26, L = 1,2-diehtylindazolin-3-ylidene; 27, L = 
1,2-diethylpyrazolin-3-ylidene) in the yields of 88 and 95%, respectively (Scheme 5.7). 
In the above reaction, Ag-carbene complexes bearing co-ligands L have formed in situ, 































26 27  
Scheme 5.7. Synthesis of trans-hetero-bis(carbene) P(II) complexes. 
 
 The formation of the complexes 26/27 is confirmed by ESI mass spectrometry, 
which shows isotopic envelopes at m/z = 563 (26) and 513 (27) corresponding to [M  
Br]+ cations. The complexes 26/27 are better soluble in more polar solvents giving rise to 




carbene carbons are observed in a narrow range of 181.6 and 180.6 ppm, which makes 
the assignment of the signals more difficult. 
However, this problem can be overcome elegantly by conducting heteronuclear 
multiple bonding correlation (HMBC) NMR experiments, in which a cross peak 
correlates the carbene carbon signal at 181.6 ppm with the signal for CH protons of the 
isopropyl substituents (Figure 5.7). Hence, the signal at 181.6 ppm is assigned 
unambiguously to the carbene donor of the iPr2-bimy ligand. The signal at 180.6 ppm is 
assigned to the carbene carbon of the 1,2-diethylindazolin-3-ylidene ligand. The 
assignment of the carbene signals in the 13C NMR spectrum of 27, on the other hand, is 
more straightforward. A signal at 174.5 ppm is characteristic for the carbene carbon of 
the 1,2-diethylpyrazolin-3-ylidene ligand (Figure 5.8). The carbene signal for iPr2-bimy is 
resonating at 182.4 ppm, which is more downfield than the corresponding signal (181.6 
ppm) observed in complex 26. Hence, it is evident from the 13C NMR spectra of 26 and 
27, 1,2-diethylindazolin-3-ylidene is slightly less donating than its non-annulated 
analogue. However, it is also evident from the above experiment that the former is more 







Figure 5.7. 13C and HMBC NMR spectra of 26. 
 
 





A single crystal X-ray diffraction study also confirmed the identity of the complex 
26 (Figure 5.9). The Pd1-C1 and Pd1-C14 bond distances amount to 2.019(6) and 
2.017(7) Å, respectively, are within the expected range. Both benzimidazole and indazole 
ring planes are oriented almost perpendicularly to the PdC2Br2 coordination plane with 
dihedral angels of 88.2 and 84.0. The two carbene ring planes are twisted from co-
planarity with an angle of 11.7. 
 
 
Figure 5.9. Molecular structure of 26 showing 50% probability ellipsoids. Hydrogen 
atoms have been omitted for clarity. Selected bond lengths [Å] and angles []: Pd1-C1 
2.019(6), Pd1-C14 2.017(7), Pd1-Br1 2.430(12), Pd1-Br2 2.4302(10), N1-C1 1.342(8), 





Chapter 6. Palladium and gold complexes of fused indazolin-
3-ylidene ligands 
 
A few natural products isolated, namely Nigellicine (K), Nigellidine (L), and 












Nigellicine (K) Nigellidine (L) Nigeglanine (M)  
Figure 6.1. Natural products containing indazole scaffold. 
 
Such fused indazolium salts can also be used as potential carbene precursors. A few 
examples, in which N1 and N2 of the indazole ring systems are fused with terminal 
carbons of the n-alkyl and substituted alkyl chains, have been reported in the literature.109 
However, the transition metal chemistry of such carbene precursors has not 
been explored. 
 
6.1 Synthesis of ligand precursors 
 
 
Yang et al. have reported the synthesis of fused indazolium salts 2,3-dihydro-1H-
pyrazolo[1,2-a]indazolium bromide (C3-IndyH+Br-, 28a), 6,7,8,9-tetrahydro-




[1,2]diazepino[1,2-a]indazolium bromide (C5-IndyH+Br-, 28c) in a two step process.109 
The reaction of terminal dibromoalkanes with indazole in the presence of NaH under 
inert conditions have led to mono-substituted indazole, which upon heating at 100 C 
undergo intra-molecular thermal cyclization affording alkyl chain fused indazolium salts 
in ~50% overall yields. Alternatively, the carbene precursors 28a-c can also be 
synthesized by a one-pot reaction of indazole and the corresponding terminal 













28a  n = 1
28b  n = 2
28c n = 3
Br
 
Scheme 6.1. Synthesis of salt precursor 28a-c. 
 
This modified procedure requires no exclusion of air and moisture. The formation 
of the azolium salts was corroborated by a characteristic downfield signal in their 1H 
NMR spectra at 9.29 ppm (28a), 9.89 ppm (28b) and 9.94 ppm (28c) for the proton 
attached to procarbene carbon. In the 13C NMR spectra, the procarbene carbon signals are 
observed at 136.5, 141.2 and 140.7 ppm, respectively. The formation of the salts is 
further corroborated by ESI MS, which shows base peaks at m/z = 159 (28a), 173 (28b) 






6.2 Synthesis of Pd(II) complexes 
 
 
The ligand precursors (28a-c) were reacted with Ag2O to form Ag-carbene 
complexes, which were subsequently filtered into a solution of [PdBr2(CH3CN)2] in 
CH3CN complex (Scheme 6.2). The dimeric Pd monocarbene complexes [Pd2(-Br)2(Cn-
Indy)2] (29a,  n = 3; 29b, n = 4; 29c, n = 5) have been obtained from the above reactions 





28a  n = 1
28b  n = 2
28c  n = 3
Br
i. 0.5 Ag2O, RT, 6 h
ii. 0.5 [PdBr2(CH3CN)2]










29a  n = 1
29b  n = 2
29c  n = 3  
Scheme 6.2. Synthesis of Pd complexes 29a-c. 
 
The formation of the dimeric complexes 29a-c was confirmed by the disappearance 
of a downfield signal characteristic for the protons attached to the procarbene carbon in 
the ligand precursors in their 1H NMR spectra. In the 13C NMR spectra of 29a-c, the 
signal for the carbene carbon is observed at 141.0 (29a), 154.5 (29b) and 149.9 ppm 
(29c), which are in the same range observed for the palladium complexes of 1,2-
dialkylindazolin-3-ylidenes (vide supra). Furthermore, positive mode ESI mass 




isotopic envelopes at m/z = 812 (29a), 899 (29b) and 770 (29c) for [M – Br + CH3CN]+, 
[M + NH4]+ and [M – 2 Br + Na]+ cations. 
In order to characterize the complexes crystallographically, single crystals were 
obtained by slow evaporation of concentrated CH3CN solutions. However, the X-ray 
diffraction analysis revealed the structures as neutral mononuclear complexes trans-
[PdBr2(CH3CN)(Cn-Indy)] (30a-c) as shown in Figure 6.2, in which the coordination 
sites around the metal centers are occupied by a carbene, one acetonitrile and two bromo 
ligands. This is not surprising because the dimeric complexes can be readily cleaved by 
donor ligands including CH3CN resulting in complexes bearing mixed carbene/co-
ligands.93 The coordination geometry around the metal centers is essentially square planar 
with the weakly bonded acetonitrile ligands in trans position to the carbene ligands. 
Selected bond lengths and angles for complexes 30a-c are listed in Table 6.1.  
 
 
Figure 6.2. Molecular structures of 30a and 30c. 
 
The Pd-C bond distances in all complexes are in a narrow range of 1.945(3) Å 
(30a), 1.943(3) Å (30b), and 1.947(3) Å (30c), respectively, which are slightly longer 





Å].93 As the number of carbon atoms in the aliphatic ring decreases the carbene ring 
planes twist more from the PdCNBr2 coordination plane with dihedral angles of 67.1, 
72.9, and 86.2, respectively for 30a-c. An almost linear arrangement of C1-Pd1-N3 bond 
angles [173.97(11)-177.89(10)] is observed in all complexes. The molecular structures 
of 30a and 30c are shown in figure 6.3 as representatives. Important bond lengths and 
angles of 30a-c are given Table 6.1. 
 
Table 6.1. Selected bond lengths and angles for 30a-c. 
 30a 30b 30c 
Pd1-C1 (Å) 1.945(3) 1.943(3) 1.947(3)
Pd1-N3 (Å) 2.080(2) 2.083(3) 2.080(5) 
C1-Pd1-N3 () 177.89(10) 176.9(12) 173.97(11)
PdCNBr2/carbene dihedral angle () 67.1 72.9 86.2 
 
6.3 Synthesis of monocarbene Au(I) and Au(III) complexes 
 
The transmetalation method can also be extended for the synthesis of the respective 
Au complexes. The silver carbene complexes obtained (vide supra) are filtered into 
CH2Cl2 solutions of [AuCl(SMe)2] complex giving the monocarbene gold complexes 
[AuCl(Cn-Indy)] (31a, n = 3; 31b, n = 4; 31c, n = 5) as white powders in very good 








28a  n = 1
28b  n = 2
28c  n = 3
Br i. 0.5 Ag2O, RT, 6 hii. 0.5 [AuCl(SMe)2]
CH2Cl2, RT, 6 h N N
n
Au Cl
31a  n = 1
31b  n = 2
31c  n = 3 
Scheme 6.3. Synthesis of Au(I) complexes 31a-c.  
The formation of the monocarbene complexes 31a-c is confirmed by their 13C NMR 
spectra showing signals for the ylidene carbon at 156.7, 167.4, and 165.3 ppm, 
respectively. These are observed in a highfield region as compared to those in the 1,2-
diethylindazolin-3-ylidene analogue (172.6 ppm).   
 
Single crystal X-ray diffraction analysis of 31b and 31c finally revealed their 
identity as linear monocarbene Au(I) species. The Au-C and Au-Cl bond distances in 31b 
and 31c are within the range typically observed for monocarbene Au(I) complexes. 
Noteworthy is that, in the solid state structure of 31b, the aromatic rings in the adjacent 
molecules are stacked closely at a distance of 3.323-3.345 Å, which is indicative of 
intermolecular - interactions (Figure 6.3). However, no Au···Au interactions are noted 
in the solid state. On the other hand, aurophilic interactions are observed in complex 31c 
with Au-Au distance of 3.1142(4) Å (Figure 6.3). Selective bond lengths and bond angels 






Figure 6.3. Molecular structures of 31b/c. 
 
Table 6.2. Selected bond lengths and angles of 31b/c and 32b. 
 31b 31c 32b 
Au1-C1 (Å) 1.970(9) 1.984(5) 1.979(11) 
Au1-Cl1 (Å) 2.325(2) 2.3236(10)  
Au1-Br1 (Å)   2.3937(15) 
C1-Au1-Cl1 () 175.1(2) 175.15(15)  
C1-Au1-Br1 ()   177.2(3) 
 
Monocarbene Au(III) complexes have proven to be catalytically active in various 
homogeneous reactions. The synthesis of such complexes is also very straightforward by 
adding bromo ligands oxidatively on Au(I) complexes of type 31a-c. However, halogen 
scrambling is noted previously when oxidatively adding bromine to Au-Cl complexes.60b 
Hence, in order to avoid that, chloro-bromo ligand exchange reactions were carried out 




temperature. The corresponding [AuBr(Cn-Indy)] complexes (32a-c) have been obtained 
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32a  n = 1
32b  n = 2
32c n = 3  
Scheme 6.4. Synthesis of complexes 32a-c and 33a-c. 
 
The signals in the 1H NMR spectra of 32a-c remain largely unaffected upon 
exchange of halo ligands. However, the carbene signals in the 13C NMR spectra are 
downfield shifted as compared to those in their precursors and resonating at 160, 170.4, 
168.5 ppm, respectively for 32a-c. This is probably due to the formation of more electron 
rich metal centers as bromo ligands are more donating than chloro ligands. 
 





The identity of complex 32b is further confirmed by X-ray diffraction analysis and 
the molecular structure is depicted in Figure 6.4. The Au-C1 and Au-Br1 distances are 
1.979(11) and 2.3937(15) Å, respectively. The C1-Au-Br1 bond is almost linear 
[177.2(3)]. The carbon atoms in the aliphatic ring are disordered into two positions with 
an occupancy ratio of 56:44. Important bond lengths and bond angles of complex 32b are 
given in Table 6.2. 
After the successful synthesis of monocarbene Au-Br complexes, oxidative addition 
reactions of bromine with complexes 32a-c were carried out in CH2Cl2. An immediate 
color change to dark orange was observed upon addition of bromine into a colorless 
solution of 32a-c. The reaction mixture was further stirred for 1 h at ambient temperature. 
Au(III) complexes [AuBr3(Cn-Indy)] (33a, n = 3; 33b, n = 4; 33c, n = 5) have been 
isolated as orange powders in excellent yields (Scheme 6.4). In the 13C NMR spectra of 
33a-c, a significant downfield shift is observed for the carbene signals as compared to 
those in the precursors with chemical shift difference of  = 32-34 ppm (Figure 6.5) and 
thus, resonating in a region typical for aromatic carbon atoms. An unambiguous 
assignment of the carbene signals at 128.0 (33a), 136.4 (33b) and 135.6 ppm (33c), 
respectively, was achieved by conducting HMBC NMR experiments (Figure 6.6). The 
highfield shift of the carbene signals is indication of the formation of more Lewis acidic 
metal center. This observation is in good agreement with the reported values for Au(III) 
complexes of imidazolin-2-ylidenes.60b The formation of the complexes was further 
corroborated by ESI mass spectrometry, which shows isotopic envelopes at m/z = 467 
(33a), 561 (33b) and 575 (33c) respectively for [M – 2Br + CH3O]+ (33a) and [M – Br + 





Figure 6.5. 13C NMR spectra of 31b, 32b and 33b. 
 





The identity of the complexes 33a and 33c is further confirmed by single crystal X-
ray diffraction studies and the molecular structures are depicted in Figure 6.7. The new 
complexes have a four-coordinate gold atom, in a square planar environment, as expected 
for d8 metals. Au-C1 bond lengths amount to 2.007(7) (33a) and 2.010(6) Å are in line 
with those values reported for Au(III) complexes of imidazoline-2-ylidene analogues.60b 
Due to the strong trans influence of the carbene ligands, the Au-Br bonds trans to the 
carbene are slightly elongated as compared to other Au-Br bonds. Selected bond lengths 
and bond angles are listed in Table 6.3. 
Table 6.3. Selected bond lengths and angles of 33a and 33c. 
 33a 33c 
Au1-C1 (Å) 2.010(6) 2.007(7) 
Au1-Br1 (Å) 2.4128(7) 2.4109(8) 
Au1-Br2 (Å) 2.4566(7) 2.4569(7) 
Au1-Br3 (Å) 2.4195(7) 2.4231(8) 
C1-Au1-Br1 () 87.62(16) 88.71(19) 
C1-Au1-Br2 () 178.50(8) 175.23(3) 
C1-Au1-Br3 () 88.36(16) 87.39(19) 














Chapter 7. Conclusions 
 
The synthesis, reactivity and catalytic activity of transition metal complexes bearing 
a range of benzimidazolin-2-ylidene and indazolin-3-ylidene ligands were investigated in 
this work. 
The bis(carbene) complexes cis-[PdBr2(Bz2-bimy)2] (1a) and cis-[PdI2(Pr,Me-
bimy)2] (1b) were obtained by the reaction of Pd(OAc)2 with 1,2-
dibenzylbenzimidazolium bromide (A, Bz2-bimyH+Br) and 1-propyl-3-
methylbenzimidazolium iodide (B, Pr,Me-bimyH+Br) in DMSO at elevated temperature. 
The salt metathesis reaction of 1a and 1b with AgO2CCH3 in CH3CN afforded the mixed 
NHC-carboxylato complexes cis-[Pd(O2CCH3)2(Bz2-bimy)2] (1a) and cis-
[Pd(O2CCH3)2(Pr,Me-bimy)2] (1b), respectively, in good yields. Reactivity studies of the 
carboxylato complexes 1a and 1b towards isopropyl thiol (iPr-SH) were carried out. The 
basic acetato ligands in the mixed diacetato-bis(carbene) complexes deprotonate the thiol 
in situ, which resulted in the formation of dinuclear complexes [Pd2(μ-iPr-S)2(Bz2-
bimy)4](BF4)2 (3a) and [Pd2(μ-iPr-S)2(Pr,Me-bimy)4](BF4)2 (3b) with a [Pd2S2] core 
solely supported by N-heterocyclic carbenes. The 1H NMR spectra of Pd complexes 1b 
and 3b bearing unsymmetrically substituted carbene ligands (Pr,Me-bimy), show the 
presence of rotational isomers (cis-syn and cis-anti) in solution. However in the solid 
state, only sterically more favored cis-anti isomers are observed, which is supported by 
X-ray diffraction analysis of 1b and 3b. 
Nickel-NHC complexes bearing non-halo anionic co-ligands such as azido and 




reaction of NaN3 with trans-[NiBr2(iPr-bimy)2] (C, 1,3-diisopropylbenzimidazolin-3-
ylidene) in DMF at 80 C yielded the corresponding mixed diazido-bis(carbene) complex 
trans-[NiN3(iPr-bimy)2] (4) as a red crystalline powder. Complex 4 served as a metal-
template for the 1,3-dipolar cycloaddition of 2,6-dimethylphenylisocyanide (CN-Xyl) to 
the azido ligands to yield the mixed tetrazolato-carbodiimido complex trans-[Ni(CN4-
Xyl)(NCNXyl)(iPr2-bimy)2] (5) at ambient temperature and the dicarbodiimido complex 
trans-[Ni(NCN-Xyl)2(iPr2-bimy)2] (6) at 70 °C. A slow conversion of the mixed 
tetrazolato-carbodiimido complex 5 to the dicarbodiimido complex 6 was observed in the 
solution state. On the other hand, reaction of aliphatic isocyanides with 4 at ambient 
temperature gave the ditetrazolato complexes trans-[Ni(CN4-R)2(iPr2-bimy)2] (7, R = 
tert-butyl; 8, R = cyclohexyl) in good yields. These complexes are stable both in solution 
and in solid state. The ditetrazolato complex 7 was used to obtain a novel cationic 
“abnormal” tetrazolin-5-ylidene complex trans-[Ni(CN4-tBu,Me)2(NHC)2](BF4)2 (9, tBu 
= tert-butyl) by direct methylation of tetrazolato ligand in 7 with [Me3O]BF4. The newly 
introduced methyl groups are attached to the sterically less hindered N atom at 3 position 
in the tetrazolato ligands. This has resulted in a complex bearing “normal” 
benzimidazolin-2-ylidene and “abnormal” tetrazolin-5-ylidene ligands. A series of mixed 
diisothiocyanato-bis(carbene) Ni(II) complexes [Ni(NCS)2(R,R’-bimy)2] (10a, R = R’ = 
isopropyl; 10b, R = R’ =  isobutyl; 10c, R = R’ = benzyl; 10d, R = R’ = 2-propenyl; 10e, 
R = propyl, R’ = methyl) were also synthesized by the metathetical reaction of AgSCN 
with the corresponding dihalo-bis(carbene) Ni(II) complexes (C-G). It seems that cis-
trans isomerism in these isothiocyanato complexes could be controlled by the bulkiness 




which possess sterically more bulky isopropyl and isobutyl substituents, adopt trans 
geometry. On the other hand, cis configuration is observed in complexes 10d and 10e 
bearing less bulky N-substituents. However, the existence of both isomers is observed in 
the case of 10c bearing benzyl groups as N-substituents. Interestingly, a slow cis to trans 
isomerization has been observed in solution as evidenced from the 1H NMR spectrum of 
10c. Furthermore, a preliminary catalytic study showed that complexes 10a-e are active 
precatalysts in the Kumada-Corriu coupling reactions. The cis configured complexes 10d 
and 10e perform better than the trans analogues, with 10d showing the best activity.  
Besides that, the influence of the bridge length of chelating dicarbene ligands has 
been investigated in nickel complexes. Reaction of a dibenzimidazolium salt with a 
shorter methylene linker [MeCCmethH2]Br2 (11a) with Ni(OAc)2 yielded a dicationic 
bis(chelate) complex [Ni(MeCCmeth)2]Br2 (12a), whereas a neutral monochelate complex 
[NiBr2(MeCCprop)] (12c) was obtained by the reaction of a more flexible propylene 
bridged carbene precursor [MeCCpropH2]Br2 (11c) with Ni(OAc)2. Complex 12c was found 
to autoionize very slowly to the corresponding dicationic bis(chelate) over ca. 45 d in 
DMSO- d6. Complex 12c shows a high activity for the Kumada–Corriu coupling reaction 
of arylmagnesium bromides with a wide range of substrates at ambient temperature and 
performs better than the isothiocyanato complexes (10a-e) as well as the tetracarbene 
complex 12a. 
The gold chemistry of benzimidazolin-2-ylidene ligand was also studied. The 
monocarbene gold complexes has been obtained through transmetalation reaction of 
[AuCl(SMe2)] with in situ generated [AgCl(iPr2-bimy)], which in turn was obtained by 




The ligand precursor iPr2-bimyH+BF4 (I), which has a non-coordinating counter anion, 
was used to synthesize bis(carbene) Au(I) complex. Reaction the former with 13 in the 
presence of K2CO3 yielded the bis(carbene) complex [Au(iPr2-bimy)2]BF4 (14) as a white 
powder. When salt precursor H was used instead of I, a mixture of neutral mono- and 
cationic bis(carbene) Au(I) complexes was obtained. The oxidative addition of elemental 
iodine to complex 14 gave the bis(carbene) Au(III) complex trans-[AuI2(iPr2-bimy)2]BF4 
(15) as an orange-red powder. Absorption studies of complexes 13-15 revealed that Au(I) 
complexes exhibit an intense absorption band at 230-290 nm, which is very similar in 
position and band shape to their carbene precursor H. In the absorption spectrum of 
Au(III) complex 15, besides a band at 230-290 nm, a slightly broad band at 365 nm with 
a molar absorption coefficient of  = 9528 mol-1dm3cm-1 is observed, which possibly 
arises from a LMCT of the iodo ligands to the Au(III) metal center. In the emission 
spectrum of complex 15, a band at 580 nm is observed upon excitation at 390 nm, which 
again could be due to LMCT. 
The coordination chemistry of indazolin-3-ylidenes, a new class of N-heterocyclic 
carbene ligands has also been investigated. Dimeric palladium complexes [PdI2(R2-
Indy)]2  (17a, R = Me; 17b, R = Et) have been prepared by the reaction of Pd(OAc)2 with 
the corresponding indazolium salts (16a, 1,2-dimethylindazolium iodide; 16b, 1,2-
diethylindazolium iodide). These dimeric complexes have been readily cleaved by donor 
ligands such as PPh3 to afford [PdI2(PPh3)(R2-indy)] (17a/b), which undergo salt 
metathesis reaction with AgO2CCF3 to yield the trifluoroacetato complexes 
[Pd(O2CCF3)2(PPh3)(R2-indy)] (18a/b), respectively. The versatility of the ligand 




precursors using 1,2-dialkylindazolium salts (16a-c) and fused indazolium salts (28a-c) 
yielding dimeric Pd(II) complexes (20, 29a-c), Au(I) complexes (21, 31a-c) and Rh(I) 
complex (22) in high yields. In addition, the scope of indazolin-3-ylidenes could also be 
successfully extended to Au(III) complexes (33a-c) as well. The donor strength 
evaluation of the indazolin-3-ylidenes was also carried out by measuring the CO 
stretching frequencies of [RhX(CO)2(Me2-indy)] (24, X = Cl; 25, X = I) complexes and 
from the carbene carbon chemical shift of the iPr2-bimy ligand in the 13C NMR spectrum 
of trans-[PdBr2(iPr2-bimy)(Me2-indy)] (26). From the outcome of the both experiments, 
indazolin-3-ylidene ligands can be regarded as one of the strongest donors among five-
membered NHCs. 
 Hence, in this work, the scope of the benzimidazolin-2-ylidene ligands has been 
successfully extended to complexes bearing non-halo anionic co-ligands such as acetato, 
azido and isothiocyanato ligands. Reactivity and catalytic activity of these complexes are 
also promising. Moreover, a series of complexes bearing strongly donating indazolin-3-
ylidene ligands have been synthesized and characterized. Further modification of this 
ligand system such as N-functionalization with donor atoms is also achievable, which 
would serve as donor functionalized NHCs. Similarly, chelating ligand systems of 
indazolin-3-ylidenes are also viable. As a continuation of this work, future research will 
be focused on complexes bearing donor functionalized as well as chelating type 




Chapter 8. Experimental Section 
General considerations 
Unless otherwise noted all operations were performed without taking precautions to 
exclude air and moisture. All solvents and chemicals were used as received with any 
further treatment if not noted otherwise. THF and CHCl3 were dried over 
sodium/benzophenone or calcium hydride, respectively, and distilled under nitrogen prior 
to use. 1H, 13C, 31P, and 19F NMR spectra were recorded on a Bruker ACF 300 or AMX 
500 spectrometer and the chemical shifts () were internally referenced by the residual 
solvent signals relative to tetramethylsilane (1H, 13C) or externally to 85% H3PO4 (31P) 
and CF3CO2H (19F). Mass spectra were measured using a Finnigan MAT LCQ (ESI) 
spectrometer. UV/Vis spectra were obtained using a Hewlett-Packard HP8452A diode 
array spectrophotometer. Infrared spectra were recorded with a Varion 3100 FT-IR 
spectrometer. Elemental analyses were performed on a Perkin-Elmer PE 2400 elemental 
analyzer at the Department of Chemistry, National University of Singapore. 1,3-
Dibenzylbenzimidazolium bromide (A),48b 1-propyl-3-methylbenzimidazolium iodide 





methylenedibenzimidazolium  (11a),58 1,1’- dimethyl-2,2’-ethylenedibenzimidazolium 




diisopropylbenzimidazolin-3-ylidene)dibromodipalladium(II) (J)93 were synthesized 
according to existing or slightly-modified literature procedures. 
  
cis-Dibromo-bis(1,3-dibenzylbenzimidazolin-2-ylidene)palladium(II) (1a). 
 Pd(OAc)2 (112 mg, 0.5 mmol) was added to the solution of 
1,3-dibenzylbenzimidazolium bromide (380 mg, 1.1 mmol) in DMSO 
(15 mL) and the mixture stirred at 90 °C for 12 h. The resultant yellow 
suspension was then cooled to ambient temperature, filtered and the 
residue washed with diethyl ether (15 mL). Upon drying under vacuum 
a white solid (380 mg, 0.44 mmol, 88 %) was obtained. 1H NMR 
(300 MHz, DMSO): 7.20 (b, 20 H, Ph-H), 7.09 (dd, 4 H, Ar-H), 6.86 (dd, 4 H, Ar-H), 
6.38 (d, 4 H, 2J(H,H) = 15.78 Hz, NCHH), 5.66 (d, 4 H, 2J(H,H) = 15.78 Hz, NCHH). 
13C NMR could not be recorded due to poor solubility of the complex. Anal. Calcd. for 
C42H36Br2N4Pd: C, 58.45; H, 4.20; N, 6.49. Found: C, 58.50; H, 4.26; N, 6.33. MS (ESI): 
m/z = 783 [M  Br]+. 
 
cis-Diiodo-bis(1-propyl-3-methylbenzimidazolin-2-ylidene)palladium(II) (1b). 
Pd(OAc)2 (112 mg, 0.5 mmol) was added to the solution of 1-propyl-3-
methylbenzimidazolium iodide (0.332 mg, 1.1 mmol) in DMSO 
(15 mL). The resultant mixture was stirred at 75 °C for 12 h. The 
solvent was removed under reduced pressure and the residue was 
subsequently washed with water and diethyl ether. Upon drying under 
vacuum an off-white solid of cis-anti and cis-syn isomers was obtained in a ratio of 
























7.65 (m, 4 H, Ar-H), 7.35-7.33 (m, 4 H, Ar-H), 4.40-4.34 (m, 2 H, NCHH), 4.30 (s, 6 H, 
NCH3), 4.28-4.23 (br, 2 H, NCHH), 2.06-1.97 (m, 2 H, CH2CHHCH3), 1.81-1.76 (m, 
2 H, CH2CHHCH3), 0.93 (t, 6 H, CH2CH2CH3). 13C{1H} NMR (125.7 MHz, DMSO): 
173.9 (s, NCN), 134.5, 133.7, 123.3, 111.1, 110.9, (s, Ar-C), 48.6 (s, NCH3), 37.1 (s, 
NCH2), 22.0 (s, CH2CH2CH3), 10.9 (s, CH2CH2CH3). cis-syn isomer: 1H NMR 
(500 MHz, DMSO): 7.65-7.61 (m, 4 H, Ar-H), 7.38-7.35 (m, 4 H, Ar-H), 4.70-4.61 (m, 
2 H, NCHH), 4.51-4.44 (m, 2 H, NCHH), 4.18 (s, 6 H, NCH3), 2.20-2.12 (m, 2 H, 
CH2CHHCH3), 1.96-1.87 (m, 2 H, CH2CHHCH3), 1.05 (t, 6 H,  CH2CH2CH3). 13C{1H} 
NMR (125.7 MHz, DMSO): 174.3 (s, NCN), 134.7, 133.4, 123.1, 111.4, 111.0 (s, Ar-C), 
49.8 (s, NCH3), 35.9 (s, NCH2), 21.3 (s, CH2CH2CH3), 11.0 (s, CH2CH2CH3). Anal. 
Calcd. for C22H28N4PdI2: C, 37.28; H, 3.98; N, 7.91. Found: C, 37.47; H, 4.25; N, 8.04. 
MS (ESI): m/z = 581 [M  I]+. 
 
cis-Diacetato-bis(1,3-dibenzylbenzimidazolin-2-ylidene)palladium(II) (2a).  
AgO2CCH3 (75 mg, 0.45 mmol) was added to a suspension of 
complex 1a (173 mg, 0.2 mmol) in CH3CN (20 mL). The 
reaction mixture was stirred for 12 h under reflux condition 
shielded from light. The resulting greenish suspension was then 
cooled to ambient temperature and filtered through celite to 
remove precipitated AgBr. The solvent from the filtrate was 
removed under reduced pressure yielding an off-white powder (140 mg, 0.17 mmol, 
85 %). Colorless crystals of 2a were obtained from a concentrated acetonitrile solution 
upon standing. 1H NMR (300 MHz, CDCl3): 7.12 (t, 3 H, Ar-H), 7.01 (t, 9 H, Ar-H), 6.96 














Hz, NCH2), 5.78 (d, 4 H, 2J(H,H)= 16.44 Hz, NCH2), 1.78 (s, 6 H, O2CCH3). 13C{1H} 
NMR (75.4 MHz, CDCl3): 177.1 (s, O2CCH3), 173.3 (s, NCN), 134.2, 133.4, 128.0, 
127.1, 125.6, 122.6, 111.4 (s, Ar-C), 52.2 (s, NCH2), 23.0 (s, O2CCH3). Anal. Calcd. for 
C46H42N2O4Pd: C, 67.27; H, 5.15; N, 6.82. Found: C, 67.56; H, 5.34; N 7.17. MS (ESI): 
m/z = 761 [M  O2CCH3]+. 
 
 cis-Diacetato-bis((1-propyl-3-methylbenzimidazolin-2-ylidene)palladium(II) (2b). 
AgO2CCH3 (74 mg, 0.44 mmol) was added to a solution of 
complex 1b (141 mg, 0.2 mmol) in CH3CN (20 mL). The reaction 
mixture was stirred for 12 h under reflux condition shielded from 
light. The yellow suspension obtained was then cooled to ambient 
temperature and filtered through celite to remove precipitated 
AgI. Removal of the solvent from the filtrate under reduced 
pressure yielded the product as an off-white powder (103 mg, 0.18 mmol, 90 %). 1H 
NMR (300 MHz, CDCl3): 7.41-7.37 (m, 4 H, Ar-H), 7.30-7.27 (m, 4 H, Ar-H), 4.90 (t, 
4 H, NCH2), 4.47 (s, 6 H, NCH3), 2.17 (m, 4 H, CH2CH2CH3), 1.67 (s, 6 H, O2CCH3), 
1.17 (t, 6 H, CH2CH2CH3). 13C{1H} NMR (75.4 MHz, CDCl3): 177.8 (s. O2CCH3), 172.5 
(s, NCN), 135.3, 134.1, 124.0, 111.0 (s, Ar-C), 124.0, 110.9 (d, Ar-C), 51.0 (s, NCH3), 
35.4 (s, NCH2), 24.3 (s, O2CCH3), 23.1 (s, CH2CH2CH3), 12.0 (s, CH2CH2CH3). Anal. 
Calcd. for C26H34N4O4Pd·H2O: C, 52.84; H, 6.14; N, 9.48. Found: C, 52.79; H, 6.96; N, 

















A mixture of complex 2a (82 mg, 0.1 mmol), 2-
propanethiol (0.018 mL, 0.2 mmol) and NaBF4 
(27 mg, 0.25 mmol) in CH3CN (12 mL) was 
stirred at 70 °C for 12 h in a sealed tube. The 
resulting greenish yellow suspension was cooled 
to ambient temperature and the solvent was 
removed under reduced pressure. Dichloromethane (10 mL) was added to the residue, 
and the mixture was filtered through celite to remove excess NaBF4. The solvent from the 
filtrate was removed under vacuum to afford the product as a pale yellow powder 
(127 mg, 0.09 mmol, 93 %). Colorless crystals were obtained from a concentrated 
solution of 3a in acetone. 1H NMR (300 MHz, DMSO): 7.29-6.96 (br, 56 H, Ar-H), 5.89-
5.75 (m, 16 H, 2J(H,H) = 16.26 Hz, NCH2), 2.08 (m, 2 H, 3J(H,H) = 6.57 Hz, 
SCH(CH3)2), 0.68 (d, 12 H, 3J(H,H) = 6.57 Hz, SCH(CH3)2). 13C{1H} NMR (75.4 MHz, 
DMSO): 176.0 (s, NCN), 134.0, 127.6, 125.7 (br, Ar-C), 133.5, 129.0, 124.2, 112.4 (s, 
Ar-C), 51.8 (s, NCH2), 38.1 (s, SCH(CH3)2), 27.4 (s, SCH(CH3)2). 19F NMR (282 MHz, 
DMSO): 72.26 (s, 10BF4), 72.31 (s, 11BF4). Anal. Calcd. for C90H86B2F8N8Pd2S2·H2O: C, 




-um(II) (3b).  
Complex 3b was prepared in analogy to 3a using complex 2b (114 mg, 0.2 mmol), 2-
propanethiol (0.037 mL, 0.4 mmol) and NaBF4 (54 mg, 0.5 mmol) in CH3CN (15 mL) 

























were obtained from a concentrated acetonitrile 
solution. 1H NMR (500 MHz, DMSO): 7.74-
7.44 (m, 6 H, Ar-H), 7.43-7.38 (m, 10 H, Ar-
H), 4.60 (s, 12 H, NCH3), 4.58-4.56 (m, 2 H, 
NCH2), 4.41-4.36 (m, 6 H, NCH2), 2.17 (m, 
2 H, 3J(H,H) = 6.3 Hz, SCH(CH3)2), 1.84-1.75 
(br, 2 H, CH2CH2CH3), 1.66-1.50 (m, 6 H, CH2CH2CH3), 1.00 (d, 12 H, 3J(H,H) = 
6.3 Hz, SCH(CH3)2), 0.71 (t, 12 H, CH2CH2CH3).13C{1H} NMR (125.77 MHz, CD2Cl2): 
174.1 (s, NCN), 134.8 ,133.1, 124.7, 124.5, 111.3, 111.2 (s, Ar-C), 50.5 (s, NCH3), 37.9 
(SCH(CH3)2), 36.3 (s, NCH2), 27.9 (s, (SCH(CH3)2), 22.4 (s, CH2CH2CH3), 10.6 (s, 
CH2CH2CH3). 19F NMR (282 MHz, DMSO): -72.28 (s, 10BF4), -72.34 (s, 11BF4). Anal. 
Calcd. for C50H70 B2F8N8Pd2S2: C, 48.68; H, 5.72; N, 9.08. Found: C, 48.32; H, 5.63; N, 
8.91. MS (ESI): m/z = 1147 [M  BF4]+. 
 
trans-Diazido-bis(1,3-diisopropylbenzimidazolin-2-ylidene)nickel(II) (4).  
Complex C (312 mg, 0.5 mmol) and NaN3 (130 mg, 2 mmol) 
were suspended in DMF (10 mL) and stirred for 6 h at 80 C. 
The suspension turned deep red with the precipitation of NaBr. 
After 6 h, the solvent was removed under vacuum and the 
residue was dissolved in CH2Cl2 and filtered through a plug of celite. The solvent of the 
filtrate was removed under reduced pressure to afford complex 4 (213 mg, 0.39 mmol, 
78%) as a red powder. 1H NMR (500 MHz, CDCl3):   7.58 (m, br, 4 H, Ar-H), 7.21 (m, 
br, 4 H, Ar-H), 7.14 (m, 4 H, 3J(H,H) = 6.95 Hz, NCH(CH3)2), 2.08 (d, 24 H, 3J(H,H) = 
































122.9, 113.0 (s, Ar-C), 54.6 (s, NCH(CH3)2), 22.6 (s, NCH(CH3)2). Anal. Calcd. for 
C26H36N10Ni: C, 57.06; H, 6.53; N, 25.59. Found: C, 57.35; H, 6.60; N, 25.53. MS (ESI): 
m/z = 504 [M  N3]+. FT-IR (KBr pellet): ~ (N3) 2032 cm-1 (m). 
 
trans-(N’-2,6-Dimethylphenylcarbodiimido)(1-(2,6-dimethylphenyl)tetrazol-5-ato)-b
-is(1,3-diiso-propylbenzimidazolin-2-ylidene)nickel(II) (5).  
2,6-dimethylphenyl isocyanide (93 mg, 0.7 mmol) was added 
to a THF (5 mL) suspension of complex 4 (192 mg, 
0.35 mmol) and the mixture was stirred at ambient 
temperature. After 3 h the reaction the yellow mixture was 
filtered through celite. The solvent of the filtrate was removed 
under reduced pressure and the residue was washed with hexane to remove excess 
isocyanide. Drying under vacuum afforded the product as an off-white solid (246 mg, 
0.315 mmol, 90%). 1H NMR (500 MHz, CDCl3):  7.55 (s, br, 4 H, Ar-H), 7.22 (s, br, 
4 H, Ar-H), 7.08 (d, 3 H, Ar-H), 6.81 (m, 4 H, 3J(H,H) = 6.95 Hz, NCH(CH3)2), 6.67 (d, 
1 H, Ar-H), 6.62 (d, 1 H, Ar-H), 6.50 (m, 1 H, Ar-H), 2.00, 1.89, 1.82, 1.76 (d, 24 H, 
3J(H,H) = 6.9 Hz, NCH(CH3)2), 1.64, 1.63 (s, 12 H, Ar(CH3)2). 13C{1H} NMR 
(125.7 MHz, CDCl3): 184.9 (s, NCN), 158.8 (s, CN4), 145.1, 137.5, 137.0, 134.3, 131.4, 
130.0, 129.2, 128.0, 122.8, 119.8, 113.3 (s, Ar-C), 122.4 (NCN-Ar), 54.6 (s, 
NCH(CH3)2), 22.9, 22.3, 22.1, 22.0, 21.9, 21.7 (s, NCH(CH3)2), 19.3, 17.9 (s, Ar(CH3)2). 
Anal. Calcd. for C44H54N10Ni: C, 67.61; H, 6.96; N, 17.92. Found: C, 67.32; H, 6.92; N, 























-lidene)nickel(II) (6).  
2,6-dimethylphenyl isocyanide (132 mg, 1 mmol) was added to 
a THF (5 mL) suspension of Complex 4 (219 mg, 0.4 mmol). 
The reaction mixture was heated to 70 C for 3 h. After cooling 
to ambient temperature, the deep red solution was filtered 
through celite. The solvent of the filtrate was removed under 
reduced pressure, and the residue was washed with hexane to 
remove excess isocyanide and dried under vacuum to afford a red solid (286 mg, 
0.38 mmol, 95%). 1H NMR (500 MHz, CDCl3):  7.56 (dd, 4 H, Ar-H), 7.25 (dd, 4 H, 
Ar-H), 7.08 (m, 4 H, 3J(H,H) = 6.25 Hz, NCH(CH3)2), 6.65 (d, 4 H, Ar-H), 6.50 (t, 2 H, 
Ar-H), 1.98 (d, 24 H, 3J(H,H) = 6.25 Hz, NCH(CH3)2), 1.83 (s, 12 H, Ar(CH3)2). 
13C{1H} NMR (125.7 MHz, CDCl3): 179.0 (s, NCN), 145.1, 134.2, 131.2, 128.2, 123.0, 
120.0,113.0 (s, Ar-C), 122.6 (s, N=C=N-Ar), 54.5 (s, NCH(CH3)2), 22.3 (s, NCH(CH3)2), 
19.4 (s, Ar(CH3)2). Anal. Calcd. for C44H54N8Ni·H2O: C, 68.48; H, 7.31; N, 14.52. 
Found: C, 68.48; H, 6.99; N, 14.44. MS (ESI): m/z = 753 [M + H]+. FT-IR (KBr pellet): 
~ (N=C=N) 2155 cm-1 (s). 
 
trans-Di(1-tertiarybutyltetrazol-5-ato)-bis(1,3-diisopropylbenzimidazolin-2-ylidene)-
nickel(II) (7).  
To a THF (5 mL) suspension of complex 4 (219 mg, 0.4 mmol) was added tert-butyl 
isocyanide (0.113 mL, 1 mmol). The reaction mixture was stirred at ambient temperature 
for 3 h. The resulting yellow solution was filtered through celite and the filtrate 





















remove excess tert-butyl isocyanide. Upon drying complex 7 
(274 mg, 0.384 mmol, 96%) was obtained as a white 
powder. 1H NMR (300 MHz, CDCl3):   7.52 (d, 2 H, Ar-H), 
7.37 (d, 2 H, Ar-H), 7.17 (br, 6 H, 4 H for Ar-H and 2 H for 
NCH(CH3)2), 5.42 (m, 2 H, 3J(H,H) = 6.09 Hz, NCH(CH3)2), 
2.13, 1.81, 0.77, 0.40 (d, 24 H, 3J(H,H) = 6.09 Hz, NCH(CH3)2), 1.62 (s, 18 H, C(CH3)3). 
13C{1H} NMR (75.4 MHz, CDCl3): 188.4 (s, NCN), 162.2 (s, CN4), 134.8, 133.9, 122.6, 
122.4, 114.0, 112.9 (s, Ar-C), 58.2 (s, C(CH3)3), 54.2, 53.3 (s, NCH(CH3)2), 31.6 (s, 
C(CH3)3), 21.8, 21.4, 20.9, 20.5 (s, NCH(CH3)2). Anal. Calcd. for C36H54N12Ni: C, 60.59; 
H, 7.63; N, 23.55. Found: C, 60.91; H, 7.63; N, 19.57. MS (ESI): m/z = 713 [M + H]+, 
m/z = 735 [M + Na]+. 
 
trans-Di(1-cyclohexyltetrazol-5-ato)-bis(1,3-diisopropylbenzimidazolin-2-ylidene)nic
-kel(II) (8).  
Complex 4 (109 mg, 0.2 mmol) was reacted with cyclohexyl 
isocyanide (0.063 mL, 0.5 mmol) under the same reaction 
conditions described for the synthesis of complex 7 to afford 
complex 8 as an off-white powder (126 mg, 0.164 mmol, 
82%). 1H NMR (500 MHz, CDCl3):  7.46 (s, br, 4 H, Ar-H), 
7.16 (s, br, 4 H, Ar-H), 5.99 (s, br, 4 H, NCH(CH3)2), 4.25 (s, br, 2 H, -CH of cyclohexyl 
the ring), 2.20-0.70 (m, br, 44 H, 24 H for NCH(CH3)2 and 20 H for CH2 of the 
cyclohexyl ring). 13C{1H} NMR (125.7 MHz, CDCl3): 192.4 (s, NCN), 165.7 (s, CN4), 
134.3, 122.7, 112.9 (s, Ar-C), 57.5 (s, -CH of cyclohexyl the ring), 54.6 (s, NCH(CH3)2 ), 




































C40H58N12Ni: C, 62.75; H, 7.64; N, 21.95. Found: C, 63.07; H, 7.53; N, 21.30. MS (ESI): 
m/z = 765 [M + H]+, m/z = 778 [M + Na]+. 
 
trans-Bis(1,3-diisopropylbenzimidazolin-2-ylidene)bis(1-tertiarybutyl-3-methyltetra-
zolin-5-ylidene)nickel(II) Tetrafluoroborate (9).  
Complex 7 (143 mg, 0.2 mmol) was dissolved in dry CHCl3 
(6 mL) and added to a suspension of [Me3O]BF4 (118 mg, 
0.8 mmol) in dry CHCl3 (4 mL). The resulting yellow 
suspension was stirred at 75 C for 12 h and filtered. The 
residue was washed with CHCl3 and diethyl ether. 
Subsequently, it was dissolved in CH2Cl2 (30 mL) and the solvent of the filtrate was 
removed under vacuum to afford complex 9 (116 mg, 0.126 mmol, 63%) as a white 
powder. 1H NMR (500 MHz, CD2Cl2):  7.67 (m, 2 H, Ar-H), 7.62 (m, 2 H, Ar-H), 7.34 
(m, 4 H, Ar-H), 6.64, (m, 2 H,  3J(H,H) = 6.9 Hz, NCH(CH3)2), 5.40 (m, 2 H,  3J(H,H) = 
6.9 Hz, NCH(CH3)2), 4.33 (s, 6 H, NCH3), 2.09, 1.97, 0.91, 0.65 (s, br, 24 H, 
NCH(CH3)2), 1.70 (s, 18 H, C(CH3)3). 13C{1H} NMR (125.7 MHz, CD2Cl2): 176.8 (s, 
NCN), 172.0 (s, CN4), 134.0, 133.4, 124.3, 124.2, 114.1, 113.8 (s, Ar-C), 65.8 (s, 
C(CH3)3), 54.7 (s, NCH(CH3)2), 42.5 (s, NCH3), 30.1 C(CH3)3), 21.2 (s, NCH(CH3)2). 
19F NMR (282 MHz, CD2Cl2): -76.63, -76.68 (s, BF4). Anal. Calcd. for C38H60B2F8N12Ni: 
C, 49.76; H, 6.59; N, 18.32. Found: C, 49.77; H, 6.75; N, 18.29. MS (ESI): 
m/z = 371 [M  2BF4]2+. 
 
General procedure for the preparation of mixed diisothiocyanato-bis(carbene) 




















AgSCN (2.4 equiv) and the appropriate trans-dihalo-bis(1,3-dialkylbenzimidazolin-2-
ylidene)nickel(II) complex (1 equiv) were suspended in CH3CN. The resulting mixture 
was stirred at 70 C for 12 h shielded from light. The reaction mixture initially a red 
suspension turned to yellow. The mixture was subsequently filtered through sintered 
funnel, and the residue was washed with dichloromethane. The solvent of the filtrate was 
removed under reduced pressure, and the resulting residue was subsequently washed with 




Yield: 88%. 1H NMR (300 MHz, CDCl3):  7.61 (dd, 4 H, Ar-
H), 7.29 (dd, 4 H, Ar-H), 6.79 (m, 4 H, 3J(H,H) = 7.08 Hz, 
NCH), 2.04 (d, 24 H, 3J(H,H) = 7.08 Hz, CH3). 13C{1H} NMR 
(75.4 MHz, CDCl3): 173.1 (s, NCN), 142.4 (s, NCS), 134.0, 
123.6, 113.3 (s, Ar-C), 54.9 (s, NCH), 22.5 (s, CH3). Anal. 
Calcd. for C28H36N6S2Ni: C, 58.04; H, 6.26; N, 14.50. 
Found: C, 58.22; H, 6.10; N, 14.35. ESI (MS): m/z = 520 [M – NCS]+. FT-IR (CH2Cl2): 
~ (NCS) 2106 cm-1 (m). 
 
trans-Diisothiocyanato-bis(1,3-diisobutylbenzimidazolin-2-ylidene)nickel(II) (10b) 
Yield: 91%. 1H NMR (300 MHz, CDCl3):  7.45 (dd, 4 H, Ar-
H), 7.32 (dd, 4 H, Ar-H), 4.98 (d, 8 H, 3J(H,H) = 8.04 Hz, 
CH2), 2.95 (m, 4 H, 3J(H,H) = 6.72 Hz, CH), 1.26 (d, 24 H, 


























175.0 (s, NCN), 135.1, 124.0, 112.0 (s, Ar-C), 56.0 (s, CH2), 29.7 (s, CH), 21.4 (s, CH3). 
Anal. Calcd. for C32H44N6S2Ni: C, 60.47; H, 6.98; N, 13.22. 
Found: C, 60.29; H, 6.90; N, 13.55. ESI (MS): m/z = 576 [M – NCS]+. FT-
IR(CH2Cl2): ~ (NCS) 2103 cm-1 (m). 
 
trans-Diisothiocyanato-bis(1,3-dibenzylbenzimidazolin-2-ylidene)nickel(II) (10c) 
Yield: 89%. 1H NMR (300 MHz, CDCl3):  7.50 (d, 4 H, Ar-
H), 7.38-7.29 (br m, 16 H, Ar-H), 7.15-7.09 (m, 8 H, Ar-H), 
6.08 (s, 8 H, NCH2). 13C{1H} NMR (75.4 MHz, CDCl3): 
176.9 (s, NCN), 135.7, 135.1, 129.9, 128.8, 127.6, 124.4, 
111.9 (s, Ar-C), 52.2 (s, NCH2). Anal. Calcd. for 
C44H36N6S2Ni: C, 68.49; H, 4.70; N, 
10.89. Found: C, 68.42; H, 4.39; N, 10.35. ESI (MS): m/z = 712 [M – NCS]+. FT-IR 
(CH2Cl2): ~ (NCS) 2100 cm-1 (s). 
 
cis-Diisothiocyanato-bis[1,3-bis(2-propenyl)benzimidazolin-2-ylidene]nickel(II)       
(10d) 
Yield: 73%. 1H NMR (300 MHz, CDCl3):  7.42 (dd, 4 H, Ar-H), 
7.32 (dd, 4 H, Ar-H), 6.34 (m, 4 H, CH), 5.75 (d, 4 H, 3J(H,H) = 
5.25 Hz, NCH2), 5.49 (br m, 12 H, 4 H for NCH2 and 8 H for CH2). 
13C{1H} NMR (75.4 MHz, CDCl3): 175.4 (s, NCN), 134.3 (s, Ar-
C), 131.9 (s, CH=CH2), 123.1 (s, Ar-C), 119.5 (s, CH=CH2), 111.4 





























H, 4.94; N, 14.71. Found: C, 58.42; H, 4.80; N, 14.35. ESI (MS): m/z = 513 [M – NCS]+. 
FT-IR (CH2Cl2): ~ (NCS) 2114 cm-1 (w). 
 
cis-Diisothiocyanato-bis(1-propyl-3-methylbenzimidazolin-2-ylidene)nickel(II) (10e) 
Yield: 66%. 1H NMR (300 MHz, CDCl3): Major isomer (cis-anti): 
 7.42-7.34 (br m, 8 H, Ar-H), 5.06-4.96 (br m, 2 H, NCH2), 4.72 
(s, 6 H, NCH3), 4.53 (m, 2 H, NCH2), 1.96 (br m, 4 H, CH2), 0.93 
(t, 6 H, 3J(H,H) = 6.9 Hz, CH3). Minor isomer (cis-syn):  7.80-
7.66 (m, 8 H, Ar-H), 4.44 (s, 6 H, NCH3), 4.30 (m, 4 H, NCH2), 
1.53 (br m, 4 H, CH2), 1.09 (t, 6 H, 3J(H,H) = 6.9 Hz, CH3). Anal. Calcd. for 
C24H28N6S2Ni: C, 55.08; H, 5.39; N, 16.06. Found: C, 54.91; H, 5.08; N, 16.34. ESI 
(MS): m/z = 464 [M – NCS]+. FT-IR (CH2Cl2): ~ (NCS) 2102 cm-1 (w). 
 
General procedure for the Kumada-Corriu Coupling. In a typical run, a Schlenk tube 
was charged with appropriate catalyst (0.01 mmol), aryl halide (1 mmol). A THF solution 
of the tolyl magnesium bromide (1.5 mL, 1 M, 1.5 mmol) was added to the reaction 
mixture under nitrogen. The reaction mixture was further stirred at ambient temperature 
for 12 h or 24 h. Dichloromethane (10 mL) was added to the reaction mixture and the 
organic layer was washed with water (3  10 mL) and dried over MgSO4. The solvent 
was removed under reduced pressure and the product was isolated by column 
chromatography and analyzed by 1H NMR spectroscopy. 
 














1-methylbenzimidazole (0.66 g, 5 mmol) was dissolved in 
CH3CN (30 mL). 1,3-dibromopropane (0.55 mL, 5.5 mmol) 
was added and the resulting mixture was stirred for 24 h at 
80C. The solvent was removed under reduced pressure and the residue was washed with 
diethyl ether. After drying the residue under vacuum salt C was isolated as a white 
powder (1.03 g, 2.21 mmol, 89 %). 1H NMR (300 MHz, DMSO): δ 9.92 (s, 2 H, NCHN), 
8.13 (m, 2 H, Ar-H), 8.04 (m, 2 H, Ar-H), 7.70 (m, 4 H, Ar-H), 4.73 (t, 4 H, 
3J(H,H) = 7.08 Hz, NCH2), 4.09 (s, 6 H, NCH3), 2.62 (m, 2 H, 3J(H,H) = 7.08 Hz, CH2). 
13C{1H} NMR (75.5 MHz, d6-DMSO): δ 142.8 (s, NCN),  131.8, 130.8, 126.5, 126.4, 
113.6, 113.5 (s, Ar-C), 43.8 (s, NCH3), 33.3 (s, NCH2), 28.1 (s, CH2). Anal. Calcd. for 
C19H22Br2N4·2H2O: C, 45.44; H, 5.22; N, 11.16. Found: C, 45.46; H, 5.15; N, 11.11. 
ESI-MS: m/z 153 [M – 2Br]2+. 
 
Bis[3,3’-dimethyl-1,1’-methylenedibenzimidazolin-2,2’-diylidene)nickel(II)] 
dibromide  (12a).  
Ni(OAc)2 (0.026 g, 0.15 mmol), azolium salt 11a (0.072 g, 
0.165 mmol) and [Bu4N]Br (1 g, excess) were mixed 
thoroughly in a Schlenk tube. The reaction mixture was dried 
under vacuum at 80 C for 1 h. The temperature was then 
gradually increased to 160 C and the molten mixture was 
further stirred for 12 h under vacuum. Cooling of the mixture 
and trituration with water gave a white precipitate, which was filtered and washed with 
water. Complex 12a was obtained as a white powder (0.046 g, 0.06 mmol, 80 %) upon 

















Ar-H), 7.65 (d, 2 H, NCHHN, 2J(H,H) = 13.25 Hz), 7.59 (d, 2 H, NCHHN, 2J(H,H) = 
13.25 Hz), 7.56 (t, 4 H, Ar-H), 7.47 (t, 4 H, Ar-H), 3.51 (s, 12 H, NCH3). 
13C{1H} NMR (125.7 MHz, DMSO): δ 183.0 (NCN), 134.3, 133.1, 124.5, 124.2, 112.0, 
111.2 (Ar-C), 57.0 (NCH2N), 34.1 (NCH3). Despite prolonged drying under vacuum, 
elemental analysis indicated the presence of water. Anal. Calcd. for 
C34H32Br2N8Ni·2H2O: C, 50.59; H, 4.50; N, 13.88. Found: C, 50.55; H, 4.11; N, 13.50. 
MS (ESI): m/z 305 [M  2Br]2+, 691 [M  Br]+. 
 
cis-Dibromo-[3,3’-dimethyl-1,1’-propylenedibenzimidazolin-2,2’-
diylidene)]nickel(II)] (12c).  
Complex 12c was prepared in the same manner as described 
for 12a using  Ni(OAc)2 (0.088 g, 0.5 mmol) and salt 12c 
(0.255 g, 0.55 mmol). Cooling of the molten mixture and 
trituration with water gave a yellowish green precipitate, which was filtered and washed 
with water. Complex 12c was obtained as a yellowish green powder (0.203 g, 0.39 mmol, 
78 %) upon drying under vacuum. 1H NMR (500 MHz, d6-DMSO): δ 7.58 (d, 4 H, Ar-
H), 7.24 (br, s, 4 H, Ar-H), 5.96 (br, s, 2 H, NCH2), 5.04 (br, s, 2 H, NCH2), 4.59 (s, 6 H, 
NCH3), 2.73 (br, s, 1 H, CH2CHHCH2), 1.95 (br, s, 1 H, CH2CHHCH2). 13C{1H} NMR 
(125.7 MHz, DMSO): δ 134.5, 134.2, 122.9, 122.7, 110.3, 109.8 (Ar-C), 48.4 (NCH2), 
35.1 (NCH3), 28.6 ( CH2). The carbenoid signal could not be resolved despite prolonged 
acquisition time. Despite prolonged drying under vacuum, elemental analysis indicated 
the presence of water. Anal. Calcd. for C19H20Br2N4Ni·H2O: C, 42.19; H, 4.10; N, 10.36. 
Found: C, 42.14; H, 3.78; N, 10.25. MS (ESI): m/z 363 [M – 2Br]+, 393 











General procedure for the Kumada-Corriu Coupling. In a typical run, a Schlenk tube 
was charged with catalyst 12c (0.01 mmol), aryl halide (1 mmol) (for entry 7, 0.5 mmol). 
A THF solution of the aryl magnesium bromide (1.5 mL, 1 M, 1.5 mmol) was added to 
the reaction mixture under nitrogen. The reaction mixture was further stirred for 12 h at 
ambient temperature. Dichloromethane (10 mL) was added to the reaction mixture and 
the organic layer was washed with water (3  10 mL) and dried over MgSO4. The solvent 
was removed under reduced pressure and the product was isolated by column 
chromatography and analyzed by 1H NMR spectroscopy. 
 
Chloro(1,3-diisopropylbenzimidazolin-2-ylidene)gold(I) (13) 
A mixture of Ag2O (58 mg, 0.25 mmol) and 1,3-
diisopropylbenzimidazolium bromide H (142 mg, 0.5 mmol) was 
stirred in CH2Cl2 (20 mL) at ambient temperature for 4 h. The 
reaction mixture was subsequently filtered over celite into a solution of [AuCl(SMe2)] 
(147 mg, 0.5 mmol) in CH2Cl2 (10 mL), upon which AgBr precipitated instantly. The 
resulting suspension was stirred for an additional 2 h. Filtration over celite followed by 
removal of the solvent from the filtrate gave the product as a white powder (165 mg, 0.38 
mmol, 76%). Crystals were obtained by slow evaporation of a concentrated mixed 
toluene/CH2Cl2 solution. 1H NMR (300 MHz, CDCl3):  = 7.63 (dd, 2 H, Ar-H), 7.35 
(dd, 2 H, Ar-H), 5.48 (m, 3J(H,H) = 6.9 Hz, 2 H, NCH(CH3)2), 1.71 (dd, 3J(H,H) = 
6.9 Hz, 12 H, CH3). 13C{1H} NMR (76.90 MHz, CDCl3):  = 175.8 (s, NCHN), 132.2 







C13H18AuClN2: C, 35.92; H, 4.17; N, 6.44. Found: C, 36.05; H, 4.20; N, 6.31. MS (ESI): 
m/z = 833 [2M  Cl]+. 
 
bis(1,3-diisopropylbenzimidazolin-2-ylidene)gold(I) tetrafluoroborate (14) 
K2CO3 (18 mg, 0.13 mmol) was added to the mixture of 
1,3-diisopropylbenzimidazolium tetraflouroborate (I) 
(30 mg, 0.1 mmol) and complex 13 (44 mg, 0.1 mmol) in 
acetone (30 ml). The mixture was stirred for 24 h. The 
solvent was removed under reduced pressure. Dichloromethane (10 ml) was added to the 
residue and filtered through celite. The solvent was removed under reduced pressure and 
the residue was washed with ethylacetate (5 mL). White powder (55 mg, 0.08 mmol, 
80%) was obtained upon drying. 1H NMR (300 MHz, CDCl3):  = 7.74 (dd, 4 H, Ar-H), 
7.45 (dd, 4 H, Ar-H), 5.39 (m, 3J(H,H) = 7.05 Hz, 4 H, NCH(CH3)2), 1.85 (dd, 3J(H,H) = 
7.05 Hz, 24 H, CH3). 13C{1H} NMR (75.4 MHz, CDCl3):  = 187.4 (s, NCHN), 133.2, 
125.4, 113.8 (s, Ar-C), 54.4 (s, NCH(CH3)2), 23.1 (s, CH3). 19F{1H} NMR (282.37 MHz, 
CD2Cl2): -78.01 (s, 10BF4), -78.06 (s, 11BF4). Anal. Calcd. for C26H36BF4N4Au: C, 45.37; 




Complex 14 (75 mg, 0.109 mmol) was taken in 
dichloromethane (20 ml) and elemental Iodine (35 mg, 
0.140 mmol) dissolved in dichloromethane (10 ml) was 

















stirred for 30 min at -30 °C and for another 2 h at ambient temperature. Evaporation of 
the solvent under reduced pressure yielded reddish orange solid which was washed 
several times with ether. The reddish orange solid was then dissolved in dichloromethane 
and filtered through celite. The solvent was removed under vacuum to get red powder 
(94 mg, 0.099 mmol, 92%). 1H NMR (300 MHz, CD2Cl2):  = 7.89 (dd, 4 H, Ar-H), 7.54 
(dd, 4 H, Ar-H), 5.06 (m, 3J(H,H) = 6.9 Hz, 4 H, NCH(CH3)2), 1.91 (dd, 3J(H,H) = 
6.9 Hz, 24 H, CH3). 13C{1H} NMR (125.7 MHz, CD2Cl2):  150.9 (s, NCHN), 139.9, 
125.3, 114.7 (s, Ar-C), 55.6 (s, NCH(CH3)2), 20.4 (s, CH3). 19F{1H} NMR (282.37 MHz, 
CD2Cl2): -77.68 (s, 10BF4), -77.73 (s, 11BF4). Anal. Calcd. for C26H36AuBF4I2·2CH2Cl2: 
C, 30.24; H, 3.63; N, 5.04. Found:  C, 30.55; H, 3.77; N, 5.05. MS (ESI): m/z = 855 [M  
BF4]+. 
 
1,2-Dimethylindazolium iodide (16a)  
Indazole (0.59 g, 5 mmol) was reacted with NaOH (0.32 g, 8 mmol) in 
CH3CN (20 mL) for 2 h at ambient temperature. To the reaction mixture 
methyl iodide (0.88 mL, 14 mmol) was added and the resulting 
suspension was further stirred for 24 h at 75 °C. The solvent of the reaction mixture was 
removed under reduced pressure, and the residue was washed with water to remove NaI 
and excess NaOH. The resulting off-white solid was washed with ethyl acetate and dried 
under vacuum to yield salt 16a (1.2 g, 4.4 mmol, 85%) as a white powder. 1H NMR 
(500 MHz, DMSO):  9.22 (s, 1 H, NCH), 8.11 (d, 1 H, Ar-H), 8.02 (d, 1 H, Ar-H), 7.88 
(t, 1 H, Ar-H), 7.51 (t, 1 H, Ar-H), 4.41 (s, 3 H, NCH3), 4.28 (s, 3 H, NCH3). 13C{1H} 







Ar-C), 37.8 (s, NCH3), 33.2 (s, NCH3). Anal. Calcd. for C9H11N2I: C, 39.44; H, 4.04; 
N, 10.22. Found: C, 39.32; H, 4.05; N, 10.21. ESI (MS): m/z = 147 [M – I]+. 
 
1,2-Diethylindazolium iodide (16b) 
NaOH (0.32 g, 8 mmol) was added to a solution of indazole (0.590 g, 
5 mmol) in CH3CN (20 mL) and stirred for 2 h at ambient temperature. 
To the reaction mixture ethyl iodide (1.6 mL, 20 mmol) was added and 
the resulting suspension was further stirred for 36 h at 75 C. The solvent of the filtrate 
was removed under vacuum. The residue was dissolved in CH2Cl2 and filtered. 
Subsequently, the solvent of the filtrate was removed under reduced pressure and the 
residue washed with ethyl acetate. Upon drying under vacuum salt 16b (0.498 g, 
1.65 mmol, 33%) was obtained as a white solid. 1H NMR (500 MHz, CDCl3):  9.65 (s, 
1 H, NCH), 8.06 (d, 1 H, Ar-H), 7.80 (t, 1 H, Ar-H), 7.73 (d, 1 H, Ar-H), 7.45 (t, 1 H, Ar-
H), 5.14 (q, 2 H, 3J(H,H) = 7.6 Hz, NCH2), 4.96 (q, 2 H, 3J(H,H) = 7.6 Hz, NCH2), 1.77 
(t, 3 H, 3J(H,H) = 7.6 Hz, CH3), 1.53 (t, 3 H, 3J(H,H) = 7.6 Hz, CH3). 13C{1H} NMR 
(125.7 MHz, CDCl3): 140.8 (s, NC), 134.6, 133.8, 126.3, 124.3, 120.4, 111.2 (s, Ar-C), 
48.5 (s, NCH2), 44.2 (s, NCH2), 16.1 (s, CH3), 15.6 (s, CH3). Anal. Calcd. for C11H15N2I: 
C, 43.73; H, 5.00; N, 9.27. Found: C, 43.38; H, 5.09; N, 9.18. ESI (MS): m/z = 175 [M – 
I]+.    
 
1,2-Diethylindazolium Bromide (16c) 
NaOH (160 mg, 4 mmol) was added to the solution of indazole (354 
mg, 3 mmol) in CH3CN (10 mL), and the suspension was stirred at 










added to the suspension, and the resulting mixture was further stirred under reflux 
conditions for 24 h. The solvent from the reaction mixture was removed under reduced 
pressure, and CH2Cl2 was added to the residue. The resulting suspension was filtered, and 
the solvent of the filtrate was removed under vacuum. Upon washing the residue with 
ethyl acetate, a white solid was obtained (252 mg, 0.99 mmol, 33%). 1H NMR (300 MHz, 
CDCl3): δ 9.80 (s, 1 H, NCHN), 7.98 (d, 1 H, Ar-H), 7.71 (m, 2H, Ar-H), 7.37 (m, 1H, 
Ar-H), 5.10 (q, 2 H, 3J(H,H) = 7.26 Hz, NCH2CH3), 4.91 (q, 2 H, 3J(H,H) = 7.23 Hz, 
NCH2CH3), 1.68 (t, 3 H, 3J(H,H) = 7.26 Hz, NCH2CH3), 1.42 (t, 3 H, 3J(H,H) = 7.23 Hz, 
NCH2CH3). 13C{1H} NMR (75.4 MHz, CDCl3): δ 140.6 (s, NCHN), 134.3, 134.2, 125.9, 
124.1, 120.5, 111.1 (s, Ar-H), 47.8 (s, NCH2CH3), 43.6 (s, NCH2CH3), 16.0 (s, 
NCH2CH3), 15.3 (s, NCH2CH3). ESI (MS): m/z = 175 [M  Br]+. 
  
1,2-Diethylpyrazolium Bromide (16d) 
 A mixture of pyrazole (225 mg, 3.3 mmol) and NaOH (200 mg, 5 mmol) 
was suspended in CH3CN (7 mL) and stirred at ambient temperature for 1 h. 
To the suspension was added ethyl bromide (0.94 mL, 13 mmol). The 
reaction mixture was stirred under reflux conditions for 24 h. After removing the volatiles 
under reduced pressure, CH2Cl2 was added to the residue and the resulting suspension 
was filtered. The solvent of the filtrate was removed under vacuum, and the resulting 
residue was subsequently washed with ethyl acetate to give a white solid (176 mg, 0.86 
mmol, 26%). 1H NMR (300 MHz, CDCl3): δ 8.52 (d, 2 H, 3J(H, H) = 2.94 Hz, Ar-H), 
6.51 (t, 1 H, 3J(H,H) = 2.97 Hz, Ar-H), 4.57 (q, 4 H, 3J(H,H) = 7.23 Hz, NCH2CH3), 1.38 
(t, 6 H, 3J(H,H) = 7.23 Hz, NCH2CH3). 13C{1H} NMR (75.4 MHz, CDCl3): δ 137.0, 









Salt 16a (0.329 g, 1.2 mmol), Pd(OAc)2 (0.224 g, 
1 mmol) and NaI (0.6 g, 4 mmol) were suspended in 
DMSO (10 mL) and the mixture was stirred at 70 C for 
24 h. The reaction mixture was filtered through Celite, 
and the solvent of the filtrate was removed by vacuum 
distillation. The residue was suspended in deionized water, filtered through a sintered 
funnel and washed several times with water. The remainder on the sintered funnel was 
redissolved in CH3CN and the filtrate was evaporated to dryness under reduced pressure. 
The remaining powder was dissolved in CH2Cl2 and passed through silica gel. Upon 
removing the solvent under vacuum, an orange solid was obtained (0.3 g, 0.29 mmol, 
59%). 1H NMR (500 MHz, CD3CN):  8.02 (d, 2 H, Ar-H), 7.63 (m, 2 H, Ar-H), 7.37 (d, 
2 H, Ar-H), 7.28 (t, 2 H, Ar-H), 4.30 (s, 6 H, NCH3), 3.99 (s, 6 H, NCH3). 13C{1H} NMR 
(125.8 MHz, CD3CN): 148.8 (s, Ccarbene), 140.5, 132.3, 130.7, 128.8, 122.6, 110.5 (s, Ar-
C), 41.5 (s, NCH3), 34.2 (s, NCH3). Anal. Calcd. for C18H20N4I4Pd2: C, 21.35; H, 1.99; N, 
5.53. Found: C, 21.34; H, 2.09; N, 5.25. ESI (MS): m/z = 1036 [M + Na]+.  
 
Di--iodo-bis(1,2-diethylindazolin-3-ylidene)diiododipalladium(II) (17b)  
17bb was synthesized in analogy to 17a by reacting salt 
16b (0.362 g, 1.2 mmol), Pd(OAc)2 (0.224 g, 1 mmol) 
and NaI (0.6 g, 4 mmol) in DMSO to yield a red-orange 
powder  (0.29 g, 0.27 mmol, 54%). 1H NMR (300 MHz, 


















(d, 2 H, Ar-H), 7.32 (t, 2 H, Ar-H), 4.88 (q, 4 H, 3J(H,H) = 7.2 Hz, NCH2), 4.43 (q, 4 H, 
3J(H,H) = 7.1 Hz, NCH2), 1.59 (t, 6 H, 3J(H,H) = 7.2 Hz, CH3), 1.03 (t, 6 H, 3J(H,H) = 
7.1 Hz, CH3). 13C{1H} NMR (75.4 MHz, CD3CN): 153.5 (s, Ccarbene), 141.4, 132.7, 132.0, 
129.5, 123.3, 111.4 (s, Ar-C), 49.2 (s, NCH2), 43.9 (s, NCH2), 14.1 (s, CH3), 13.7 (s, 
CH3). Anal. Calcd. for C22H28N4I4Pd2: C, 24.72; H, 2.64; N, 5.24. Found: C, 24.22; H, 
2.58; N, 5.00. ESI (MS): m/z = 983 [M – I + CH3CN]+. 
 
cis-Diiodo(1,2-dimethylindazolin-3-ylidene)(triphenylphosphine)palladium(II) (18a). 
A mixture of complex 17a (0.506 g, 0.5 mmol) and 
triphenylphosphine (0.29 g, 1.1 mmol) in CH2Cl2 (15 mL) was stirred 
under reflux conditions overnight. The solvent was removed under 
vacuum, and the residue was washed with ethyl acetate. Upon drying the residue under 
vacuum a greenish yellow powder (0.692 g, 0.9 mmol, 90%) was obtained. 1H NMR 
(500 MHz, DMSO):  7.79 (d, 1 H, Ar-H), 7.62-7.51 (br m, 8 H, Ar-H), 7.38 (m, 3 H, 
Ar-H), 7.28 (m, 6 H, Ar-H), 7.07 (m, 1 H, Ar-H), 4.09 (s, 3 H, NCH3), 3.73 (s, 3 H, 
NCH3). 31P{1H} NMR (121.5 MHz, DMSO): 26.4 (s, 1 P, PPh3). 13C{1H} NMR spectra 
could not be obtained due to insufficient solubility of the compound. Anal. Calcd. for 
C27H25N2I2PPd: C, 42.19; H, 3.28; N, 3.64. Found: C, 42.50; H, 3.21; N, 3.67. ESI (MS): 
m/z = 811 [M + H + CH3CN]+. 
 
cis-Diiodo(1,2-diethylindazolin-3-ylidene)(triphenylphosphine)palladium(II) (18b). 
18b was synthesized in analogy to 18a by reacting 17b (0.428 g, 
0.4 mmol) and triphenylphosphine (0.237 g, 0.5 mmol) yielding 18b 












(300 MHz, DMSO):  7.85 (d, 1 H, Ar-H), 7.58 (d, 2 H, Ar-H), 7.50-7.36 (br m, 12 H, 
Ar-H), 7.28 (d, 3 H, Ar-H), 7.13 (t, 1 H, Ar-H), 4.73 (m, 1 H, NCH2), 4.34 (m, 2 H, 
NCH2), 4.12 (m, 1 H, NCH2), 1.48 (t, 3 H, CH3), 0.97 (t, 3 H, CH3). 31P{1H} NMR 
(121.5 MHz, DMSO): 27.0 (s, 1 P, PPh3). 13C{1H} NMR spectra could not be obtained 
due to insufficient solubility of the compound. Anal. Calcd. for C29H29N2I2PPd: C, 43.72; 





A mixture of complex 18a (0.054 g, 0.07 mmol) and AgO2CCF3 
(0.034 g, 0.154 mmol) was suspended in CH3CN (10 mL) and 
stirred at ambient temperature for 12 h shielded from light. The 
suspension was filtered over Celite and the solvent of the filtrate was removed under 
reduced pressure to afford an off-white powder (0.045 g, 0.06 mmol, 87%). 1H NMR 
(300 MHz, DMSO):  8.05 (d, 1 H, Ar-H), 7.57-7.50 (m, 11 H, Ar-H), 7.44-7.39 (m, 6 H, 
Ar-H), 7.16 (t, 1 H, Ar-H), 4.27 (s, 3 H, NCH3), 3.87 (s, 3 H, NCH3). 13C{1H} NMR 
(75.4 MHz, DMSO): 159.0 (q, 2J(F,C) = 33.5 Hz, CO), 152.3 (d, 2J(P,C) = 7.7 Hz, 
Ccarbene), 139.3 (s, Ar-C), 133.5 (d, Ar-C), 131.7(d, Ar-C), 131.5 (d, Ar-C), 128.8 (d, Ar-
C), 127.2, 126.4 (s, Ar-C), 126.0 (d, Ar-C), 125.2 (s, Ar-C), 116.7 (q, 1J(C,F) = 297.5 Hz, 
CF3), 110.3 (s, Ar-C), 33.4 (s, CH3), one CH3 resonance overlaps with the DMSO solvent 
signal. 31P{1H} NMR (121.5 MHz, DMSO): 28.0 (s, 1 P, PPh3), 19F NMR (282.4 MHz, 
DMSO): 2.55 (s, CF3). Anal. Calcd. for C31H25F6O4N2PPd: C, 50.25; H, 3.40; N, 3.78. 












Complex 19b was prepared in analogy to the 19a by stirring 
18b (0.052 g, 0.065 mmol) and AgO2CCF3 (0.032 g, 
0.143 mmol) in CH3CN at ambient temperature yielding 19b 
(0.041 g, 0.054 mmol, 83%) as an off-white powder. 1H NMR 
(300 MHz, CDCl3):  8.15 (d, 1 H, Ar-H), 7.51-7.43 (br m, 10 H, Ar-H), 7.36-7.30 (br m, 
6 H, Ar-H), 7.17 (d, 1 H, Ar-H), 7.06 (t, 1 H, Ar-H), 4.85 (m, 2 H, NCH2)., 4.30 (q, 2 H, 
3J(H,H) = 7.2 Hz, NCH2), 1.28 (t, 3 H, 3J(H,H) = 7.1 Hz, CH3), 1.11 (t, 3 H, 3J(H,H) = 
7.1 Hz, CH3). 13C{1H} NMR (75.4 MHz, CDCl3): 163.0 (q, 2J(F,C) = 35.1 Hz, CO), 
159.8 (d, 2J(P,C) = 8.2 Hz, Ccarbene), 140.9 (s, Ar-C), 134.5 (d, Ar-C), 133.4, 132.8 (s, Ar-
C), 129.7 (d, Ar-C), 128.7 (d, Ar-C), 127.8, 127.4, 127.0, 124.3, 110.5 (s, Ar-C), 49.0 (s, 
NCH2), 43.4 (s, NCH2), 15.7 (s, CH3), 14.3 (s, CH3). 31P{1H} NMR (121.5 MHz, 
CDCl3): 27.6 (s, 1 P, PPh3), 19F NMR (282.4 MHz, CDCl3): 2.21 (s, CF3). Anal. Calcd. 
for C33H29F6O4N2PPd: C, 51.54; H, 3.80; N, 3.64. Found: C, 51.36; H, 3.79; N, 3.57. ESI 
(MS): m/z = 655 [M – O2CCF3]+. 
 
Di--bromo-bis(1,2-diethylindazolin-3-ylidene)dibromodipalladium(II) (20) 
Ag2O (0.028 g, 0.12 mmol) was added into a CH2Cl2 
solution of salt 16c (0.051 g, 0.2 mmol) and the mixture 
stirred for 6 h at ambient temperature shielded from light. 
The reaction mixture was then filtered through Celite into 
















CH3CN and subsequently stirred for 6 h at ambient temperature. The resulting suspension 
was passed through Celite and filtrate evaporated to dryness under vacuum. The residue 
was washed with methanol and dried to yield 20 as an orange-red powder (0.063 g, 
0.071 mmol, 71%). 1H NMR (300 MHz, CD3CN):  8.21 (d, 2 H, Ar-H), 7.64 (t, 2 H, Ar-
H), 7.39 (d, 2 H, Ar-H), 7.31 (t, 2 H, Ar-H), 5.01 (q, 4 H, 3J(H,H) = 7.2 Hz, NCH2), 4.43 
(q, 4 H, 3J(H,H) = 7.1 Hz, NCH2), 1.65 (t, 6 H, 3J(H,H) = 7.2 Hz, CH3), 1.10 (t, 6 H, 
3J(H,H) = 7.1 Hz, CH3). 13C{1H} NMR (75.4 MHz, CD3CN): 155.7 (s, Ccarbene), 141.4, 
132.9, 130.6, 129.1, 123.6, 111.3 (s, Ar-C), 48.6 (s, NCH2), 43.6 (s, NCH2), 15.5 (s, 
CH3), 13.8 (s, CH3). Anal. Calcd. for C22H28N4Br4Pd2: C, 29.99; H, 3.20; N, 6.36. Found: 
C, 30.20; H, 3.18; N, 6.35. ESI (MS): m/z = 947 [M + CH3O + 2NH4]+. 
 
Chloro(1,2-diethlyindazolin-3-ylidene)gold(I) (21) 
Ag2O (0.03 g, 0.13 mmol) was added to a CH2Cl2 solution of salt 16b 
(0.069 g, 0.23 mmol), and the mixture was further stirred for 6 h 
shielded from light at ambient temperature. The reaction mixture was 
then filtered through Celite into a CH2Cl2 solution of [AuCl(SMe2)] 
(0.062 g, 0.21 mmol) and subsequently stirred for another 6 h. The reaction mixture was 
passed through a plug of Celite to remove AgI. The solvent of the filtrate was removed 
under reduced pressure and the residue was washed with diethyl ether and dried under 
vacuum to afford a white powder (0.075 g, 0.18 mmol, 88%). 1H NMR (500 MHz, 
CDCl3):  8.00 (d, 1 H, Ar-H), 7.63 (t, 1 H, Ar-H), 7.35 (d, 1 H, Ar-H), 7.25 (t, 1 H, Ar-
H), 4.72 (q, 2 H, 3J(H,H) = 7.6 Hz, NCH2), 4.47 (q, 2 H, 3J(H,H) = 6.9 Hz, NCH2), 1.58 
(t, 3 H, 3J(H,H) = 7.6 Hz, CH3), 1.30 (t, 3 H, 3J(H,H) = 6.9 Hz, CH3). 13C{1H} NMR 







C), 48.7 (s, NCH2), 43.1 (s, NCH2), 16.9 (s, NCH3), 14.5 (s, NCH3). Anal. Calcd. for 
C11H14N2ClAu: C, 32.49; H, 3.47; N, 6.89. Found: C, 32.65; H, 3.40; N, 6.94. ESI (MS): 
m/z = 777 [2M – Cl]+. 
 
Chloro(4-1,5-cyclooctadiene)(1,2-dimethlyindazolin-3-ylidene)rhodium(I) (22) 
Salt 16a (0.137 g, 0.5 mmol) was dissolved in CH2Cl2-methanol (10:2) 
solvent mixture and Ag2O (0.07 g, 0.3 mmol) was added. The mixture 
was further stirred for 6 h shielded from light at ambient temperature 
followed by addition of a solution of [RhCl(cod)]2 (0.124 g, 0.25 mmol) 
in CH2Cl2 and further stirred for 6 h. The reaction mixture was filtered through Celite to 
remove AgI and the solvent of the filtrate was removed under reduced pressure. The 
residue was washed with hexane and dried under vacuum to yield the product as a yellow 
powder (0.171 g, 0.44 mmol, 87%). 1H NMR (500 MHz, CDCl3):  8.40 (d, 2 H, Ar-H), 
7.53 (t, 2 H, Ar-H), 7.23 (t, 2 H, Ar-H), 7.15 (d, 2 H, Ar-H), 5.13 (br s, 1 H, CODvinyl), 
5.04 (br s, 1 H, CODvinyl), 4.59 (s, 3 H, NCH3), 3.81 (s, 3 H, NCH3), 3.53 (br s, 1 H, 
CODvinyl), 3.33 (br s, 1 H, CODvinyl), 2.55-2.36 (br m, 4 H, CODallyl), 2.07-1.97 (br m, 
4 H, CODallyl). 13C{1H} NMR (125.7 MHz, CDCl3): 194.2 (d, 1J(Rh,C) = 44.9 Hz, 
Ccarbene), 141.7, 131.8, 131.1, 130.1, 122.3, 109.4 (s, Ar-C), 99.4 (d, 1J(Rh,C) = 6.4 Hz, 
CODvinyl), 99.2 (d, 1J(Rh,C) = 6.4 Hz, CODvinyl), 69.8 (d, 1J(Rh,C) = 13.6 Hz, CODvinyl), 
68.7 (d, 1J(Rh,C) = 14.6 Hz, CODvinyl), 40.2 (s, NCH3), 34.4 (s, CODallyl), 34.1 (s, 
NCH3), 33.2, 30.1, 29.3 (s, CODallyl). Anal. Calcd. for C17H22N2ClRh: C, 51.99; H, 5.65; 













NaI (0.018 g, 0.012 mmol) was added to an acetone solution of 22 
(0.039 g, 0.1 mmol) and the resulting mixture was further stirred for 4 h 
at ambient temperature. The solvent was removed under reduced 
pressure and the residue was dissolved in CH2Cl2 and subsequently 
filtered. The solvent of the filtrate was removed under vacuum to afford a yellow solid 
(0.035 g, 0.072 mmol, 72%). 1H NMR (300 MHz, CDCl3):  8.29 (d, 1 H, Ar-H), 7.50 (t, 
1 H, Ar-H), 7.18 (m, 2 H, Ar-H), 5.23 (m, 2 H, CODvinyl), 4.41 (s, 3 H, NCH3), 3.72 (s, 
3 H, NCH3), 3.60 (m, 1 H, CODvinyl), 3.46 (m, 1 H, CODvinyl), 2.44-2.25 (br m, 4 H, 
CODallyl), 2.06-1.82 (br m, 4 H, CODallyl). 13C{1H} NMR (75.4 MHz, CDCl3): 195.0 (d, 
1J(Rh-C) = 43.3 Hz, Ccarbene), 141.7, 131.7, 131.3, 130.0, 122.3, 109.6, 97.2 (d, 1J(Rh,C) 
= 6.6 Hz, CODvinyl), 97.0 (d, 1J(Rh,C) = 6.6 Hz, CODvinyl), 73.7 (d, 1J(Rh,C) = 14.3 Hz, 
CODvinyl), 72.0 (d, 1J(Rh,C) = 14.8 Hz, CODvinyl), 40.7 (s, NCH3), 34.3 (s, CODallyl), 33.7 
(s, NCH3), 32.5, 30.6, 30.0 (s, CODallyl). Anal. Calcd. for C17H22N2IRh·H2O: C, 40.66; H, 
4.82; N, 5.58. Found: C, 40.77; H, 4.87; N, 5.57. ESI (MS): m/z = 357 [M – I]+, 841 [2M 
– I]+.  
 
cis-Chloro-dicarbonyl(1,2-dimethylindazolin-3-ylidene)rhodium(I) (24) 
Complex 22 (0.028 g, 0.07 mmol) was dissolved in CH2Cl2 (10 mL) 
and carbon monoxide was bubbled for 5 min through the solution. The 
solvent was removed under reduced pressure and the resulting residue 
was subsequently washed with hexane. Upon drying the residue under vacuum a yellow 
solid was obtained (0.023 g, 0.066 mmol, 95%). 1H NMR (500 MHz, CDCl3):  8.18 (d, 















NCH3). 13C{1H} NMR (125.7 MHz, CDCl3): 186.5 (d, 1J(Rh,Cco) = 53.2 Hz, CO), 183.5 
(d, 1J(Rh,Cco) = 76.1 Hz, CO), 179.7 (d, 1J(Rh,C) = 37.6 Hz, Ccarbene), 141.0, 132.7, 
131.2, 129.5, 123.1, 109.3 (s, Ar-C), 40.9 (s, NCH3), 33.9 (s, NCH3). Anal. Calcd. for 
C11H10N2O2ClRh·2H2O: C, 34.71; H, 4.77; N, 7.36. Found: C, 34.02; H, 4.22; N, 6.87. 
ESI (MS): m/z = 636 [2M – Cl – CO + H2O]+, 644 [2M-Cl]+. FT-IR (CH2Cl2): ~ (COsym) 
2069 cm-1 (s) and ~ (COasym) 1991 cm-1 (s). 
 
cis-dicarbonyl-iodo(1,2-dimethylindazolin-3-ylidene)rhodium(I) (25) 
Complex 25 was prepared in analogy to 24 by reacting complex 23 
(0.029 g, 0.06 mmol) with carbon monoxide. 25 was isolated as a dark 
yellow powder (0.024 g, 0.06 mmol, 92%). 1H NMR (500 MHz, 
CDCl3):  8.13 (d, 1 H, Ar-H), 7.62 (m, 1 H, Ar-H), 7.28 (m, 2 H, Ar-H), 4.34 (s, 3 H, 
NCH3), 3.99 (s, 3 H, NCH3). 13C{1H} NMR (125.7 MHz, CDCl3): 188.4 (d, 1J(Rh,Cco) = 
52.2 Hz, CO), 183.1 (d, 1J(Rh,Cco) = 77.9 Hz, CO), 179.2 (d, 1J(Rh,C) = 34.8 Hz, 
Ccarbene), 141.1, 132.7, 131.4, 129.7, 123.0, 109.3 (s, Ar-C), 41.6 (s, NCH3), 34.1 (s, 
NCH3). Anal. Calcd. for C11H10N2O2IRh: C, 30.58; H, 2.33; N, 6.48. Found: C, 30.65; H, 
2.71; N, 6.94. ESI (MS): m/z = 503 [M + K + CH3OH]+. FT-IR (CH2Cl2): 
~ (COsym) 2061 cm-1 (s) and ~ (COasym) 1991 cm-1 (s). 
 
trans-Dibromo(1,3-diisopropylbenzimidazolin-2-ylidene)(1,2-diethylindazolin-3-
ylidene)palladium(II) (26).  
Ag2O (0.18 mmol, 42 mg) was added to a suspension of salt 
16c (0.353 mmol, 90 mg) and complex J (0.176 mmol, 165 















12 h at ambient temperature shielded from light. The resulting suspension was filtered 
through Celite and subsequently passed through silica gel, giving a clear yellow solution. 
The solvent of the filtrate was removed under reduced pressure to afford the product as a 
yellow solid (198 mg, 0.31 mmol, 88%). 1H NMR (500 MHz, CDCl3): δ 8.49 (d, 1 H, Ar-
H), 7.57 (m, 3 H, Ar-H), 7.32 (t, 1 H, Ar-H), 7.21 (m, 3 H, Ar-H), 6.41 (br m, 1 H, 
NCH(CH3)2), 6.27 (br m, 1 H, NCH(CH3)2), 5.09 (q, 2 H, 3J(H,H) = 6.9 Hz, NCH2CH3), 
4.34 (q, 2 H, 3J(H,H) = 7.55 Hz, NCH2CH3), 1.92 (br d, 6 H, NCH(CH3)2), 1.87 (br d, 6 
H, NCH(CH3)2), 1.80 (t, 3 H, 3J(H,H) = 6.9 Hz, NCH2CH3), 1.19 (t, 3 H, 3J(H,H) = 7.55 
Hz, NCH2CH3). 13C{1H} NMR (125.7 MHz, CDCl3): δ 181.6 (s, NCN-iPr2-bimy), 180.6 
(s, NC-indazole carbene), 141.5, 134.5, 134.2, 132.0, 131.9, 130.6, 122.9, 122.6, 122.5, 
113.2, 113.1, 109.8 (s, Ar-C), 54.5, 54.3 (s, NCH(CH3)2), 47.7 (s, NCH2CH3), 43.0 (s, 
NCH2CH3), 22.0, 21.9 (s, NCH(CH3)2), 16.3 (s, NCH2CH3), 13.9 (s, NCH2CH3). Anal. 
Calcd. for C24H32Br2N4Pd: C, 44.85; H, 5.02; N, 8.72. Found: C, 44.40; H, 4.71; N, 8.57. 
ESI (MS): m/z = 563 [M  Br]+. 
 
 trans-Dibromo(1,3-diisopropylbenzimidazolin-2-ylidene)(1,2-diethylpyrazolin-3-
ylidene)palladium(II) (27).  
Ag2O (14 mg,0.06 mmol) was added to a suspension of salt 
16d (21 mg, 0.10 mmol) and complex J (47 mg, 0.05 mmol) 
in dichloromethane (7 mL). The resulting mixture was stirred 
for 12 h at ambient temperature shielded from light and subsequently filtered through 
Celite. The solvent of the filtrate was removed under reduced pressure to yield a white 
solid (56 mg, 0.095 mmol, 95%). 1H NMR (500 MHz, CDCl3): δ 7.54 (dd, 2 H, Ar-H), 










6.95 Hz, NCH(CH3)2), 4.93 (q, 2 H, 3J(H,H) = 6.95 Hz, NCH2CH3), 4.19 (q, 2 H, 3J(H,H) 
= 6.90 Hz, NCH2CH3), 1.81 (d, 12 H, 3J(H,H) = 6.90 Hz, NCH(CH3)2), 1.73 (t, 3 H, 
3J(H,H) = 6.9 Hz, NCH2CH3), 1.49 (t, 3 H, 3J(H,H) = 6.90 Hz, NCH2CH3). 13C{1H} 
NMR (125.7 MHz, CDCl3): δ 182.4 (s, NCN-iPr2-bimy), 174.5 (s, NC-pyrazole carbene), 
134.3, 132.0, 122.4, 116.5, 113.1 (s, Ar-C), 54.3 (s, NCH(CH3)2), 46.6 (s, NCH2CH3), 
44.5 (s, NCH2CH3), 21.8 (s, NCH(CH3)2), 16.2 (s, NCH2CH3), 15.3 (s, NCH2CH3). Anal. 
Calcd. for C20H30Br2N4Pd: C, 40.53; H, 5.10; N, 9.45. Found: C, 40.28; H, 4.93; N, 9.46. 
ESI (MS): m/z = 513 [M  Br]+. 
 
General procedure for ligand precursor synthesis 28a-c 
NaOH (1.5 equiv) was added to a solution of indazole (1 equiv) in CH3CN (10 mL). The 
mixture was stirred at ambient temperature for 2 h. Dibromoalkane (1.4 equiv) was 
subsequently added to the reaction mixture and stirred at ambient temperature for 6 h. 
The temperature of the reaction mixture was increased to 90 C and further stirred for 24 
h. The solvent of the reaction mixture was removed under vacuum. The residue was 
dissolved in CH2Cl2 (15 mL) and subsequently filtered. The solvent of the filtrate was 
removed under reduced pressure. The resulting residue was washed with ethyl acetate 
and dried under vacuum. The products were isolated as off-white powders. 
 
2,3-dihydro-1H-pyrazolo[1,2-a]indazolium bromide (28a) 
Yield: 81%. 1H NMR (300 MHz, CDCl3):  9.29 (s, 1 H, NCH), 
7.72 (d, 1 H, Ar-H), 7.52 (m, 2 H, Ar-H), 7.17 (t, 1 H, Ar-H), 4.97 
(t, 2 H, 3J(H,H) = 7.23 Hz, NCH2), 4.70 (t, 2 H, 3J(H,H) = 7.39 Hz, 






136.5 (s, NC), 133.6, 128.6, 125.8, 125.1, 124.3, 111.5 (s, Ar-C), 51.2 (s, NCH2), 47.7 (s, 
NCH2), 28.3 (s, CH2). ESI (MS): m/z = 159 [M – Br]+. 
 
6,7,8,9-tetrahydro-pyridazino[1,2-a]indazolium bromide (28b) 
Yield: 69%. 1H NMR (300 MHz, CDCl3):  9.89 (s, 1 H, NCH), 
8.00 (d, 1 H, Ar-H), 7.77 (t, 1 H, Ar-H), 7.67 (d, 1 H, Ar-H), 7.44 
(t, 1 H, Ar-H), 5.23 (t, 2 H, 3J(H,H) = 5.91 Hz, NCH2), 4.65 (t, 2 H, 
3J(H,H) = 5.91 Hz, NCH2), 2.45-2.34 (br m, 4 H, CH2). 13C{1H} NMR (75.4 MHz, 
CDCl3): 141.2 (s, NC), 134.9, 134.1, 126.4, 124.2, 120.2, 110.9 (s, Ar-C), 52.1 (s, 
NCH2), 47.7 (s, NCH2), 20.8, 20.4 (s, CH2). ESI (MS): m/z = 173 [M – Br]+.  
 
7,8,9,10-tetrahydro-6H-[1,2]diazepino[1,2-a]indazolium bromide (28c) 
Yield: 63%. 1H NMR (500 MHz, CDCl3):  9.94 (s, 1 H, NCH), 
7.96 (d, 1 H, Ar-H), 7.75 (t, 1 H, Ar-H), 7.63 (d, 1 H, Ar-H), 7.41 (t, 
1 H, Ar-H), 5.55 (t, 2 H, 3J(H,H) = 4.4 Hz, NCH2), 5.05 (t, 2 H, 
3J(H,H) = 4.4 Hz, NCH2), 2.09-1.97 (br m, 6 H, CH2). 13C{1H} NMR (125.7 MHz, 
CDCl3): 140.7 (s, NC), 134.3, 134.1, 125.9, 124.1, 120.1, 110.9 (s, Ar-C), 54.6 (s, 
NCH2), 49.3 (s, NCH2), 28.6, 28.3, 28.1 (s, CH2). ESI (MS): m/z = 187 [M – Br]+. 
 
General procedure to synthesize Pd complexes 29a-c 
Ag2O (1.2 equiv) was added to a CH2Cl2 (12 mL) solution of the salt precursor (2.2 
equiv) and the resulting mixture was stirred at ambient temperature for 6 h shielded from 
light. The resulting suspension was filtered through Celite to a CH3CN (10 mL) solution 
of [PdBr2(CH3CN)2] (1 equiv) and subsequently stirred for another 6 h at ambient 










filtrate was removed under reduced pressure. The residue was washed with diethyl ether 




Yield: 91%. 1H NMR (300 MHz, CD3CN):  8.13 (d, 2 
H, Ar-H), 7.61 (m, 2 H, Ar-H), 7.38 (d, 2 H, Ar-H), 
7.26 (m, 2 H, Ar-H), 4.73 (t, 4 H, 3J(H,H) = 7.38 Hz, 
NCH2), 4.41 (t, 4 H, 3J(H,H) = 7.05 Hz, NCH2), 2.92 
(m, 4 H, 3J(H,H) = 7.38 Hz, CH2). 13C{1H} NMR (75.4 MHz, CD3CN): 141.0 (s, 
Ccarbene), 136.3, 133.8, 131.8, 128.6, 122.4, 110.6 (s, Ar-C), 50.2 (s, NCH2), 46.2 (s, 
NCH2), 27.6 (s, CH2). Anal. Calcd. for C20H20N4Br4Pd2: C, 28.30; H, 2.37; N, 6.60. 





Yield: 83%. 1H NMR (500 MHz, CD3CN):  8.20 (d, 2 
H, Ar-H), 7.67 (m, 2 H, Ar-H), 7.43 (d, 2 H, Ar-H), 
7.35 (t, 2 H, Ar-H), 4.90 (t, 4 H, 3J(H,H) = 6.3 Hz, 
NCH2), 4.12 (t, 4 H, 3J(H,H) = 6.3 Hz, NCH2), 2.20 (m, 
4 H, CH2), 2.14 (m, 4 H, CH2). 13C{1H} NMR (125.7 
MHz, CD3CN): 154.5 (s, Ccarbene), 142.0, 132.6, 129.8, 128.6, 123.7, 110.8 (s, Ar-C), 53.8 


















30.13; H, 2.76; N, 6.39. Found: C, 30.01; H, 3.36; N, 6.544. ESI (MS): m/z = 899 [M + 




Yield: 83%. 1H NMR (300 MHz, CD3CN):  8.19 (d, 2 
H, Ar-H), 7.67 (m, 2 H, Ar-H), 7.42 (d, 2 H, Ar-H), 
7.31 (t, 2 H, Ar-H), 5.22 (m, 4 H, NCH2), 4.54 (br m, 4 
H, NCH2), 2.09 (m, 4 H, CH2), 1.92 (m, 4 H, CH2), 
1.80 (m, 4 H, CH2). 13C{1H} NMR (75.4 MHz, 
CD3CN): 149.9 (s, Ccarbene), 139.8, 132.3, 129.1, 128.3, 122.6, 110.4 (s, Ar-C), 55.6 (s, 
NCH2), 48.4 (s, NCH2), 28.8, 28.5, 27.9 (s, CH2). Anal. Calcd. for C24H28N4Br4Pd2: C, 
31.85; H, 3.12;  N, 6.19. Found: C, 32.00; H, 3.33; N, 6.18. ESI (MS): m/z = 770 [M – 
2Br + Na]+. 
 
General procedure to synthesize Au(I) complexes [AuCl(NHC)] (31a-c) 
Ag2O (1.2 equiv) and the corresponding indazolium salt (2.2 equiv) were suspended in 
CH2Cl2 (10 mL). The resulting suspension was stirred at ambient temperature for 6 h 
shielded from light. The reaction mixture was filtered through Celite directly into a 
CH2Cl2 solution of [AuCl(SMe2)] (1 equiv) and stirred for another 6 h at ambient 
temperature. The suspension was filtered through Celite and the solvent of the filtrate was 
removed under reduced pressure. The resulting residue was washed with diethyl ether 













Yield: 91%. 1H NMR (500 MHz, DMSO):  7.88 (d, 1 H, Ar-H), 7.66 
(d, 2 H, Ar-H), 7.29 (m, 1 H, Ar-H), 4.59 (t, 2 H, 3J(H,H) = 6.95 Hz, 
NCH2), 4.52 (t, 2 H, 3J(H,H) = 6.95 Hz, NCH2), 2.90 (m, 2 H, 3J(H,H) 
= 6.9 Hz, CH2). 13C{1H} NMR (125.4 MHz, DMSO): 156.7 (s, Ccarbene), 135.2, 133.7, 
131.0, 126.4, 122.1, 110.3 (s, Ar-C), 49.4 (s, NCH2), 45.5 (s, NCH2), 26.3 (s, CH2). Anal. 
Calcd. for C10H10N2AuCl: C, 30.75; H, 2.58; N, 7.17. Found: C, 30.65; H, 2.71; N, 6.94. 




Yield: 86%. 1H NMR (500 MHz, DMSO):  7.91 (d, 1 H, Ar-H), 7.73 
(m, 2 H, Ar-H), 7.35 (m, 1 H, Ar-H), 4.68 (t, 2 H, 3J(H,H) = 5.65 Hz, 
NCH2), 4.34 (t, 2 H, 3J(H,H) = 5.65 Hz, NCH2), 2.16 (br m, 4 H, CH2). 
13C{1H} NMR (125.4 MHz, DMSO): 167.4 (s, Ccarbene), 140.8, 131.7, 
129.1, 126.4, 123.0, 110.2, (s, Ar-C), 52.7 (s, NCH2), 46.9 (s, NCH2), 21.0, 20.0 (s, CH2). 
Anal. Calcd. for C11H12N2AuCl: C, 32.65; H, 2.99; N, 6.92. Found: C, 32.44; H, 2.99; N, 




Yield: 88%. White powder. 1H NMR (500 MHz, DMSO):  7.88 (d, 
1 H, Ar-H), 7.79 (d, 1 H, Ar-H), 7.69 (t, 1 H, Ar-H), 7.29 (t, 1 H, Ar-
H), 4.95 (m, 2 H, NCH2), 4.73 (m, 2 H, NCH2), 1.93 (br m, 2 H, 










(125.4 MHz, DMSO): 165.3 (s, Ccarbene), 139.4, 131.5, 128.6, 126.2, 122.2, 110.0 (s, Ar-
C), 55.0 (s, NCH2), 46.9 (s, NCH2), 27.4, 27.3, 27.2 (s, CH2). Anal. Calcd. for 
C12H14N2AuCl: C, 34.43; H, 3.37; N, 6.69. Found: C, 34.40; H, 3.35; N, 6.71. ESI (MS): 
m/z = 569 [M – Cl + L]+. 
 
General procedure to synthesize [AuBr(NHC)] complexes (32a-c) 
A mixture of LiBr (1.5 equiv) and [AuCl(NHC)] complex (1 equiv) in acetone (10 mL) 
was stirred at ambient temperature for 24 h. The solvent of the reaction mixture was 
removed under vacuum. The residue was dissolved in CH2Cl2 (15 mL) and subsequently 
filtered through Celite. The solvent of the filtrate was removed under reduced pressure 
affording the products as powders.  
 
Bromo-(2,3-dihydro-1H-pyrazolo[1,2-a]indazolin-3-ylidene)gold(I) (32a) 
Yield: 89%. Off-white powder. 1H NMR (500 MHz, DMSO):  8.06 
(d, 1 H, Ar-H), 7.83 (m, 2 H, Ar-H), 7.46 (m, 1 H, Ar-H), 4.75 (t, 2 H, 
3J(H,H) = 6.95 Hz, NCH2), 4.69 (t, 2 H, 3J(H,H) = 6.95 Hz, NCH2), 
3.06 (m, 2 H, 3J(H,H) = 6.95 Hz, CH2). 13C{1H} NMR (125.7 MHz, 
DMSO): 160.0 (s, Ccarbene), 135.2, 133.5, 131.0, 126.4, 122.1, 110.3 (s, Ar-C), 49.4 (s, 
NCH2), 45.5 (s, NCH2), 26.4 (s, CH2). Anal. Calcd. for C10H10N2AuBr: C, 27.61; H, 2.32; 










Yield: 93%. White powder. 1H NMR (500 MHz, DMSO):  7.92 (d, 
1 H, Ar-H), 7.74 (m, 2 H, Ar-H), 7.36 (m, 1 H, Ar-H), 4.68 (t, 2 H, 
3J(H,H) = 6.3 Hz, NCH2), 4.35 (t, 2 H, 3J(H,H) = 6.3 Hz, NCH2), 
2.17 (br m, 4 H, CH2). 13C{1H} NMR (125.7 MHz, DMSO):  170.4 
(s, Ccarbene), 140.8, 131.7, 128.8, 126.3, 123.0, 110.2, (s, Ar-C), 52.6 (s, NCH2), 46.9 (s, 
NCH2), 21.0, 20.0 (s, CH2). Anal. Calcd. for C11H12N2AuBr: C, 29.42; H, 2.69; N, 6.24. 




Yield: 93%. White powder. 1H NMR (500 MHz, DMSO):  7.89 
(d, 1 H, Ar-H), 7.80 (d, 1 H, Ar-H), 7.70 (t, 1 H, Ar-H), 7.30 (t, 1 
H, Ar-H), 4.95 (m, 2 H, NCH2), 4.73 (m, 2 H, NCH2), 1.93 (br m, 
2 H, CH2), 1.83-1.78 (br m, 4 H, CH2). 13C{1H} NMR (125.7 MHz, DMSO): 168.5 (s, 
Ccarbene), 139.5, 131.5, 128.4, 126.1, 122.3, 110.0 (s, Ar-C), 55.0 (s, NCH2), 46.9 (s, 
NCH2), 27.4, 27.3, 27.2 (s, CH2). Anal. Calcd. for C12H14N2AuBr: C, 31.12; H, 3.05; N, 
6.05. Found: C, 30.98; H, 3.33; N, 5.95. ESI (MS): m/z = 569 [M – Br + L]+, 847 [2M – 
Br]+. 
 
General procedure for the synthesis of Au(III) complexes [AuBr3(NHC)] (33a-c) 
Bromine (1.2 equiv) was added to a CH2Cl2 (10 mL) solution of [AuBr(NHC)] (1 equiv). 
The orange solution was further stirred at ambient temperature for 1 h. The solvent of the 
reaction mixture was removed under vacuum. The resulting residue was washed with 










Yield: 95%. 1H NMR (500 MHz, DMSO):  8.00 (d, 1 H, Ar-H), 7.79 
(m, 2 H, Ar-H), 7.43 (m, 1 H, Ar-H), 4.77 (m, 4 H, NCH2), 3.01 (m, 2 
H, CH2). 13C{1H} NMR (125.7 MHz, DMSO): 135.3, 132.1, 128.4 (s, 
Ar-C), 128.0 (s, Ccarbene), 125.1, 123.9, 111.3 (s, Ar-C), 50.3 (s, 
NCH2), 46.6 (s, NCH2), 26.8 (s, CH2). Anal. Calcd. for C10H10Br3N2Au: C, 20.19; H, 





Yield: 93%. 1H NMR (500 MHz, DMSO):  8.03 (d, 1 H, Ar-H), 
7.85 (d, 2 H, Ar-H), 7.48 (m, 1 H, Ar-H), 4.73 (t, 2 H, 3J(H,H) = 
5.65 Hz, NCH2), 4.66 (t, 2 H, 3J(H,H) = 5.65 Hz, NCH2), 2.24-2.18 
(br m, 4 H, CH2). 13C{1H} NMR (125.7 MHz, DMSO): 140.0 (s, Ar-
C), 136.4 (s, Ccarbene), 132.7, 124.6, 123.9, 110.9, (s, Ar-C), 52.4 (s, NCH2), 47.2 (s, 
NCH2), 20.1, 19.2 (s, CH2). Anal. Calcd. for C11H12AuBr3N2: C, 21.70; H, 1.99; N, 4.60. 




Yield: 97%. 1H NMR (500 MHz, DMSO):  7.99 (d, 1 H, Ar-H), 7.92 (d, 1 H, Ar-H), 
7.83 (t, 1 H, Ar-H), 7.44 (t, 1 H, Ar-H), 5.02 (m, 2 H, NCH2), 4.95 (t, 2 H, NCH2), 2.01 












139.2 (s, Ar-C), 135.6 (s, Ccarbene), 132.7, 124.5, 124.1, 123.8, 110.9, 
(s, Ar-C), 54.1 (s, NCH2), 47.7 (s, NCH2), 27.4, 27.0, 26.5 (s, CH2). 
Anal. Calcd. for C12H14Br3N2Au: C, 23.14; H, 2.27; N, 4.50. Found: 




X-ray Diffraction Studies 
X-ray data were collected with a Bruker AXS SMART APEX diffractometer, using 
MoK radiation with the SMART suite of programs.110 Data were processed and 
corrected for Lorentz and polarization effects with SAINT,111 and for absorption effect 
with SADABS.112 Structural solution and refinement were carried out with the 
SHELXTL suite of programs.113 The structure was solved by direct methods to locate the 
heavy atoms, followed by difference maps for the light, non-hydrogen atoms. All 
hydrogen atoms were put at calculated positions. All non-hydrogen atoms were generally 
given anisotropic displacement parameters in the final model. A summary of the most 
important crystallographic data is given in the appendix and the CIF files are given in the 

























             Selected crystallographic data 
 
 1b·0.5Et2O 2a 3a·2CH3CN 3b·CH3CN·H2O 
formula C24H33N4I2O0.5Pd C46H42N4O4Pd C94H92N10B2F8S2Pd2  C52H75N9B2F8OS2Pd2 
fw 745.74 821.24 1812.32 1292.75 
color, habit yellow, block colorless, block colorless, plate colorless, block 
cryst size [mm] 0.36  0.26  0.10 0.22  0.12  0.10 0.40  0.30  0.14 0.44 0.26 0.10 
temp [K] 223(2) 223(2) 223(2) 223(2) 
crys syst monoclinic orthorhombic monoclinic monoclinic 
space group P2(1)/c Pbcn P2(1)/n Cc 
a [Å] 10.8524(8) 20.0286(8) 16.6078(6) 27.3460(11) 
b [Å] 15.9998(11) 10.1606(4) 15.3151(6) 12.2423(5) 
c [Å] 16.1965(12) 18.8389(8) 18.8680(7) 18.1510(7) 
 [deg] 90 90 90 90 
 [deg] 97.488(2) 90 104.0950(10) 97.0070(10) 
 [deg] 90 90 90 90 
V [Å3] 2788.3(3) 3833.8(3) 4654.6(3) 6031.2(4) 
Z 4 4 2 4 
Dc [g cm3] 1.776 1.423 1.293 1.424 
radiation used M K M K M K M K 
 [mm1] 2.899 0.535 0.496 0.734 
  range [deg] 1.8027.50 2.0324.00 1.7324.00 1.5025.00 
no. of unique data 9516 21738 24752 17386 
max., min. transmn 0.7603, 0.4217 0.9485, 0.8915 0.9338, 0.8263 0.9302, 0.7384 
final R indices [I > 2(I)] R1 = 0.0525, 
wR2 = 0.1211 
R1 = 0.0855, 
wR2 = 0.1580 
R1 = 0.1077, 
wR2 = 0.2501 
R1 = 0.0421, 
wR2 = 0.1022 
R indices (all data) R1 = 0.0750, 
wR2 = 0.1311 
R1 = 0.0914, 
wR2 = 0.1605 
R1 = 0.1178, 
wR2 = 0.2551 
R1 = 0.0452, 
wR2 = 0.1046 
goodness-of-fit on F2 1.046 1.332 1.280 1.043 




              Continued… 
 4 6 7 9·2CH2Cl2 
formula C26H36N10Ni C44H54N8Ni C36H54N12Ni C40H64B2Cl4F8N12Ni 
fw 547.36 753.66 713.62 1087.16 
color, habit red, block red, block colorless, block pale yellow, needle 
cryst size [mm] 0.30  0.20  0.20 0.44  0.40  0.20 0.20  0.10  0.10 0.46  0.02  0.02 
temp [K] 223(2) 293(2) 223(2) 223(2) 
crys syst monoclinic monoclinic orthorhombic monoclinic 
space group P2(1)/n P2(1)/c P2(1)2(1)2(1) P2(1)/c 
a [Å] 9.2752(7) 9.8734(14) 10.0088(6) 10.6035(15) 
b [Å] 8.9186(6) 23.771(3) 18.0397(12) 28.218(4) 
c [Å] 17.3011(13) 8.6533(13) 20.7107(13) 17.741(3) 
 [deg] 90 90 90 90 
 [deg] 93.650(2) 92.325(3) 90 101.612(4) 
 [deg] 90 90 90 90 
V [Å3] 1428.27(18) 2029.3(5) 3739.4(4) 5199.8(13) 
Z 2 2 4 4 
Dc [g cm3] 1.273 1.233 1.268 1.389 
radiation used Mo K Mo K Mo K Mo K 
 [mm1] 0.712 0.519 0.562 0.649 
  range [deg] 2.3627.49 1.7127.50 1.5027.50 1.3825.00 
no. of unique data 9847 14182 26235 29886 
max., min. transmn 0.8706, 0.8147 0.9033, 0.8038 0.9460, 0.8959 0.9871, 0.7544 
final R indices  
[I > 2(I)] 
R1 = 0.0642, 
wR2 = 0.1589 
R1 = 0.0501, 
wR2 = 0.1258 
R1 = 0.0445, 
wR2 = 0.0926 
R1 = 0.1269, 
wR2 = 0.2464 
R indices (all data) R1 = 0.0716, 
wR2 = 0.1639 
R1 = 0.0627, 
wR2 = 0.1318 
R1 = 0.0595, 
wR2 = 0.0986 
R1 = 0.2094, 
wR2 = 0.2846 
goodness-of-fit on F2 1.136 1.090 0.989 1.105 




            Continued… 
 10a 10b 10c 10d 
formula C28H36N6S2Ni C32H44N6S2Ni C44H36N6S2Ni C28H28N6S2Ni 
fw 549.46 635.56 771.62 571.39 
color, habit colorless, block orange, block yellow, plate yellow, block 
cryst size [mm] 0.32  0.24  0.14 0.28  0.26  0.16 0.80  0.20  0.10 0.52  0.21  0.18 
temp [K] 223(2) 295(2) 223(2) 293(2) 
crys syst monoclinic triclinic monoclinic monoclinic 
space group P2(1)/c P-1 P2(1)/c C2/c 
a [Å] 8.799(3) 9.3168(7) 12.6333(11) 14.5167(14) 
b [Å] 18.152(6) 10.0285(8) 18.7005(16) 13.9716(15) 
c [Å] 9.661(3) 10.3736(8) 8.4257(7) 14.0918(14) 
 [deg] 90 103.240(2) 90 90 
 [deg] 91.646(7) 94.178(2) 106.050(2) 100.996(2) 
 [deg] 90 113.049(2) 90 90 
V [Å3] 1542.3(8) 853.75(11) 1913.0(3) 2805.6(5) 
Z 2 1 2 4 
Dc [g cm3] 1.248 1.236 1.340 1.353 
radiation used Mo K Mo K Mo K Mo K 
 [mm1] 0.790 0.720 0.657 0.868 
  range [deg] 2.2427.48 2.0527.50 1.6827.50 2.0427.50 
no. of unique data 10477 11224 13453 9861 
max., min. transmn 0.8974, 0.7860 0.8935, 0.8238 0.9372, 0.6217 0.8954, 0.6609 
final R indices  
[I > 2(I)] 
R1 = 0.0623,                
wR2 = 0.1353 
R1 = 0.0573,           
wR2 = 0.1447 
R1 = 0.0541,        
wR2 = 0.1208 
R1 = 0.0497,          
wR2 = 0.1191 
R indices (all data) R1 = 0.1000,                
wR2 = 0.1500 
R1 = 0.0693,            
wR2 = 0.1538 
R1 = 0.0784,       
wR2 = 0.1313 
R1 = 0.0624,     
wR2 = 0.1255 
goodness-of-fit on F2 0.989 1.055 1.034 1.049 




                   Continued… 
 10e 12a·0.5H2O 12c·C3H7NO 13
formula C24H28N6S2Ni C34H32Br2N8Ni·0.5H2O  C19H20Br2N5Ni·C3H7NO C13H18ClN2Au
fw 523.35 780.21 596.02 434.71
color, habit yellow, rhombus colorless, rod brown , block colorless, block
cryst size [mm] 0.12  0.10  0.08 0.24  0.06  0.04 0.16  0.16  0.10 0.320.150.10
temp [K] 223(2) 223(2) 223(2) 223(2)
crys syst monoclinic monoclinic orthorhombic orthorhombic
space group C2/c P2(1)/n P2(1)2(1)2(1) Pnma
a [Å] 17.0446(12) 11.8792(15) 8.1304(4) 12.2392(7)
b [Å] 14.3126(11) 10.0604(14) 15.8139(8) 10.5451(6)
c [Å] 10.7475(8) 13.9968(19) 18.7790(10) 10.8541(6)
 [deg] 90 90 90 90
 [deg] 97.304(2) 97.895(4) 90 90
 [deg] 90 90 90 90
V [Å3] 2600.6(3) 1656.9(4) 2414.5(2) 1400.87(14)
Z 4 2 4 4
Dc [g cm3] 1.337 1.564 1.640 2.061
radiation used Mo K M K M K M K
 [mm1] 0.930 3.036 4.137 10.673
  range [deg] 1.8627.48 2.5027.50 1.0827.48 2.527.50
no. of unique data 8986 11296 17199 9410
max., min. transmn 0.9293, 0.8966 0.8882, 0.5294 0.6824, 0.5574 0.4150, 0.1314
final R indices [I > 2(I)] R1 = 0.0597,     
wR2 = 0.1302 
R1 = 0.0877,  
wR2 = 0.1481 
R1 = 0. 0619,  
wR2 = 0. 1444 
R1 = 0.0275,  
wR2 = 0.0741 
R indices (all data) R1 = 0.0762,       
wR2 = 0.1374
R1 = 0. 1336, 
wR2 = 0. 1643
R1 = 0. 0719,  
wR2 = 0. 1502
R1 = 0.0298, 
wR2 = 0.0751
goodness-of-fit on F2 1.128 1.141 1.143 1.130





                 Continued… 
 14 15·CH2Cl2 18b 19a
formula C26H36BF4N4Au C26H36N4F4I2BAu·CH2Cl2 C29H29I2N2PPd C31H25F6O4N2PPd
fw 688.36 1027.09 796.71 740.9
color, habit colorless, block orange, rod yellow, block colorless, block
cryst size [mm] 0.30  0.26  0.10 0.40  0.12  0.10 0.24  0.08  0.06 0.56  0.36  0.20
temp [K] 223(2) 293(2) 223(2) 223(2)
crys syst monoclinic orthorhombic monoclinic triclinic
space group C2/c Pmc2(1) P2(1)/n P-1
a [Å] 39.7851(18) 10.7779(5) 11.4399(10) 9.4768(5)
b [Å] 12.6663(6) 11.2233(5 15.6813(14) 11.0752(6)
c [Å] 11.6182(5) 15.3725(7) 16.1726(14) 15.6695(9)
 [deg] 90 90 90 107.8900(10)
 [deg] 104.6900(10) 90 99.776(2) 100.5030(10)
 [deg] 90 90 90 96.7700(10)
V [Å3] 5663.4(4) 1859.51(15) 2859.1(4) 1512.08(14)
Z 8 2 4 2
Dc [g cm3] 1.615 1.834 1.851 1.627
radiation used M K M K Mo K Mo K
 [mm1] 5.242 5.802 2.885 0.743
  range [deg] 1.6927.50 1.8127.45 1.8227.50 1.4027.50
no. of unique data 19857 12536 19912 18022
max., min. transmn 0.6222, 0.3023 0.5946, 0.2049 0.8459, 0.5443 0.8656, 0.6809
final R indices [I > 2(I)] R1 = 0.0304, 
wR2 = 0.0729 
R1 = 0.0343,    
wR2 = 0.0872 
R1 = 0.0521,            
wR2 = 0.1156 
R1 = 0.0287,      
wR2 = 0.0734 
R indices (all data) R1 = 0.0402, 
wR2 = 0.0764
R1 = 0.0364,   
wR2 = 0.0882
R1 = 0.0652,       
wR2 = 0.1216
R1 = 0.0302,         
wR2 = 0.0744
goodness-of-fit on F2 1.045 1.081 1.075 1.053





                 Continued… 
 20 21 22 30a
formula C22H28N4Br4Pd2 C11H14N2ClAu C17H22N2ClRh C12H13N3Br2Pd
fw 880.92 406.66 392.73 465.47
color, habit orange, block yellow, block yellow, block yellow, block
cryst size [mm] 0.30  0.23  0.16 0.30  0.20  0.12 0.30  0.20  0.06 0.30  0.14  0.10
temp [K] 223(2) 100(2) 223(2) 100(2)
crys syst monoclinic monoclinic triclinic monoclinic
space group P2(1)/n P2(1)/c P-1 P2(1)/c
a [Å] 9.5153(16) 8.5290(6) 7.0142(4) 9.4099(17)
b [Å] 11.2069(18) 8.5217(6) 9.5187(6) 12.173(3)
c [Å] 12.916(2) 17.3001(11) 12.8813(8) 12.280(2)
 [deg] 90 90 75.2460(10) 90
 [deg] 95.929(4) 103.8820(10) 82.9050(10) 90.10(2)
 [deg] 90 90 74.5310(10) 90
V [Å3] 1369.9(4) 1220.67(14) 800.12(8) 1406.6(5)
Z 2 4 2 4
Dc [g cm3] 2.136 2.213 1.630 2.198
radiation used Mo K Mo K Mo K M K
 [mm1] 7.164 12.240 1.229 6.985
  range [deg] 2.4127.50 2.4327.50 1.6427.50 2.3627.46
no. of unique data 9280 8394 5717 9583
max., min. transmn 0.3936, 0.2224 0.3213, 0.1204 0.9299, 0.7094 0.5418, 0. 2284
final R indices [I > 2(I)] R1 = 0.0645,     
wR2 = 0.1771 
R1 = 0.0191,    
wR2 = 0.0461 
R1 = 0.0336,     
wR2 = 0.0829 
R1 = 0. 0243, 
wR2 = 0. 0573 
R indices (all data) R1 = 0.1019,     
wR2 = 0.1968
R1 = 0.0206,     
wR2 = 0.0467
R1 = 0.0358,     
wR2 = 0.0842
R1 = 0. 0278, 
wR2 = 0. 0585
goodness-of-fit on F2 1.052 1.065 1.065 1.054





                 Continued… 
 30b·CH3CN 30c·CH3CN 31b 31c
formula C13H15N3Br2Pd·CH3CN C14H17N3Br2Pd·CH3CN C11H12N2AuCl C12H14N2AuCl
fw 520.55 534.58 404.64 418.67
color, habit Yellow, block yellow, block yellow , block Yellow, rod
cryst size [mm] 0.40  0.36  0.08 0.50  0.30  0.28 0.60  0.22  0.20 0.40  0.24  0.22
temp [K] 100(2) 223(2) 293(2) 100(2)
crys syst monoclinic orthorhombic monoclinic orthorhombic
space group P2(1)/c Pca2(1) P2(1)/c Pccn
a [Å] 9.8647(10) 25.4587(12) 20.5207(9) 8.6092(4)
b [Å] 11.5490(11) 9.1094(4) 16.2535(8) 15.5589(7)
c [Å] 15.5559(16) 8.3673(4) 13.8301(7) 17.7188(8)
 [deg] 90 90 90 90
 [deg] 94.278(2) 90 101.6150(10) 90
 [deg] 90 90 90 90
V [Å3] 1767.3(3) 1940.49(16) 4518.3(4) 2373.43(19)
Z 4 4 16 8
Dc [g cm3] 1.956 1.830 2.379 2.343
radiation used M K M K M K
 [mm1] 5.573 5.078 13.227 12.594
  range [deg] 2.0727.49 1.6027.49 1.0127.50 2.3027.49
no. of unique data 12205 13010 31895 15852
max., min. transmn 0.6641, 0.2140 0.3305, 0.1856 0.1773, 0.0465 0.1682, 0.0813
final R indices [I > 2(I)] R1 = 0. 0310,  
wR2 = 0. 0734 
R1 = 0. 0256,  
wR2 = 0. 0602 
R1 = 0.0471, 
wR2 = 0.1184 
R1 = 0.0293, 
wR2 = 0.0770 
R indices (all data) R1 = 0. 0376, 
wR2 = 0. 0752
R1 = 0. 0281,  
wR2 = 0. 0610
R1 = 0. 0561, 
wR2 = 0. 1221
R1 = 0. 0320, 
wR2 = 0. 0783
goodness-of-fit on F2 1.015 1.037 1.106 1.095





                                 Continued… 
 32b 33a 33c
formula C11H12N2AuBr C10H10Br3N2Au C12H14Br3N2Au
fw 449.10 594.90 622.95
color, habit colorless, block orange , block yellow , plate
cryst size [mm] 0.64  0.12  0.10 0.24  0.24  0.10 0.36  0.28  0.04
temp [K] 223(2) 100(2) 100(2)
crys syst orthorhombic triclinic monoclinic
space group Pca2(1) P-1 P2(1)/c
a [Å] 17.9194(13) 8.0993(7) 8.0254(6)
b [Å] 8.1817(6) 10.9408(10) 10.8269(9)
c [Å] 7.9629(6) 15.8960(15) 17.4769(14)
 [deg] 90 91.062(2) 90
 [deg] 90 104.643(2) 17.4769(14)
 [deg] 90 101.034(2) 90
V [Å3] 1167.45(15) 1334.3(2) 1513.8(2)
Z 4 4 4
Dc [g cm3] 2.555 2.961 2.733
radiation used M K M K M K
 [mm1] 15.991 19.983 17.621
  range [deg] 2.2727.49 1.3327.50 2.2127.49
no. of unique data 7831 17568 10321 
max., min. transmn 0.2977, 0.0348 0.2399, 0.0865 0.5392, 0. 0610
final R indices [I > 2(I)] R1 = 0.0411,  
wR2 = 0.0874 
R1 = 0. 0.0330,  
wR2 = 0. 0.0761 
R1 = 0. 0447, 
wR2 = 0. 1222 
R indices (all data) R1 = 0. 0.0466, 
wR2 = 0. 0901
R1 = 0. 0.0409,  
wR2 = 0. 0790 
R1 = 0. 0506, 
wR2 = 0. 1264
goodness-of-fit on F2 1.105 1.027 1.013
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